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Abstract:
In this dissertation, we present new concepts of spacetime and unification for physics be-
yond the Standard Model. Our ansatz is to decouple new physics from the electroweak
scale but still provide a solution to the hierarchy problem and allow for a viable dark
matter candidate. Nevertheless, we always emphasize the testability. We first motivate
the decoupling of Standard Model extensions from the electroweak scale by discussing
the left-right symmetric theory with the minimal number of propagating degrees of free-
dom to account for Majorana neutrinos. Furthermore, we motivate the decoupling by
showing the viability of Majorana dark matter in the context of a minimal consistent
theory of local baryon number. Combining these ideas, we then introduce the 433 the-
ory which is based on the gauge group SU(4)C ⊗ SU(3)L ⊗ SU(3)R. The 433 theory
is an UV completion of the Standard Model in four dimensions which can be realized at
low energy scales. As the 433 theory lacks an inherent dark matter candidate, we con-
sider Bose-Einstein condensate dark matter as an alternative symmetry-motivated dark
matter candidate. We put forward a new method to probe such superfluid dark matter
with gravitational waves. After presenting a solution to the hierarchy problem and a
testable dark matter candidate, we question the unique role of supersymmetry to mix
global internal and external symmetries. Subsequently, we introduce a new spacetime
concept and demonstrate how spacetime symmetries can father the three Standard Model
generations.
Zusammenfassung:
In dieser Dissertation stellen wir neue Konzepte für die Raumzeit und die Verein-
heitlichung der fundamentalen Kräfte vor. Wir präsentieren eine neue Lösung für das
Hierarchieproblem und erörtern mögliche Dunkle Materie Kandidaten. Dabei vertreten
wir den Standpunkt, dass die Physik jenseits des Standard Models von der elek-
troschwachen Skala entkoppelt ist. Die Überprüfbarkeit unserer Ideen steht dabei immer
im Vordergrund. Zuerst motivieren wir das Entkoppeln von der elektroschwachen Skala
mit der Diskussion der links-rechts symmetrischen Theorie mit der minimalen Anzahl
propagierender Freiheitsgrade, welche Majorana Neutrinos realisieren können. Weiter-
hin motivieren wir das Entkoppeln durch eine Studie der Majorana Dunklen Materie in
der minimalen konsistenten Theorie von lokaler Baryonenzahl. Anschließend verbinden
wir diese Ideen in der 433 Theorie, einer Eichtheorie basierend auf der Eichsymmetrie
SU(4)C ⊗ SU(3)L ⊗ SU(3)R. Die 433 Theorie ist eine UV Vervollständigung des
Standard Models in vier Dimensionen, welche bei niedrigen Energien realisiert wer-
den kann. Weil die 433 Theorie keinen intrinsischen Dunkle Materie Kandidaten hat,
behandeln wir den alternativen und durch Symmetrien motivierten Dunkle Materie Kan-
didaten eines Bose-Einstein Kondensates. Dabei stellen wir eine neue Methode zum
Erforschen dieser Supraflüssigkeit als Dunkle Materie mittels Gravitationswellen vor.
Nachdem wir eine Lösung für das Hierarchieproblem und überprüfbare Dunkle Materie
Kandidaten eingeführt haben, hinterfragen wir die Rolle von Supersymmetrie beim Ver-
mischen von globalen internen und externen Symmetrien. Daraufhin stellen wir ein
neues Raumzeitkonzept vor und demonstrieren, wie Raumzeitsymmetrien die Ursache
für die drei Standard Model Generationen sein können.
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CHAPTER 1
INTRODUCTION
PARTICLE PHYSICS is considered to be in a crisis. The beautiful and appealing theoret-ical ideas developed during the last forty years are currently being tested and seem to
fail us. Pressure is building up and we are in the dark what the future will bring. In such
turbulent times, it is up to us to seize the steering wheel, to put forward new ideas, and to
guide the way.
We study physics because we have the deep unsettling desire to understand. There is no
guarantee that the quest for knowledge is easy, there is not even a guarantee for success.
We mostly improve by failure. Challenging the respected ideas of supersymmetry and
unification, we try to advertise new concepts for physics beyond the Standard Model.
The approaches we take in this thesis are guided by symmetry and minimality. We
interpret the current experimental evidence such that the physics beyond the Standard
Model is decoupled from the electroweak scale. The goal of this thesis is to provide
alternative ideas for the road ahead.
The starting point is the Standard Model, which is shortly recapitulated in section 1.1.
The main motivation for physics beyond the Standard Model is then given in section 1.2,
before we clarify the importance of symmetries as a guiding principle in section 1.3.
Chapter 2 then focuses on bottom-up extensions of the Standard Model. In section
2.1, we discuss left-right symmetric theories and introduce the left-right symmetric the-
ory with the minimal number of propagating degrees of freedom which can account for
Majorana neutrinos. A special emphasize is put on the testability of the theory at the
LHC. Section 2.2 is dedicated to the Standard Model extension by local baryon number.
We again shortly recap the extension with the minimal number of new particles before
discussing the properties of the intrinsic dark matter candidate. Even though the dark
matter candidate will generically be too heavy to be directly produced at the LHC, we
also comment on possible signals of local baryon number at particle colliders.
In chapter 3, we argue in favor of a new approach towards the hierarchy problem. We
construct the first UV completion of the Standard Model in four dimensions which can be
realized at low energies. Such a theory enables us to lower the Planck scale significantly
and to lessen the tension between the electroweak scale and the Planck scale. The theory
we discuss is based on the gauge group SU(4)C ⊗ SU(3)L ⊗ SU(3)R and combines the
ideas of left-right symmetric theories and extensions by local baryon number. Again, we
also stress the predictability of the theory. We point out the possibility of falsification
by determining the reheating temperature in the early Universe and possible probes at
particle colliders. We comment on a possible extension with true gauge unification in
section 3.2.
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Unfortunately, the discussed UV completions of the Standard Model lack the intrin-
sic dark matter candidate of other Standard Model extensions by local baryon number.
We therefore consider alternative dark matter candidates which are induced by anoma-
lous global symmetries in chapter 4. Axion-like particles are often a generic feature of
Standard Model extensions. They allow for the interesting possibility of forming Bose-
Einstein condensates (BECs) of galactic size. Such a dark matter candidate has vastly
different properties compared to the intrinsic dark matter candidate of local baryon num-
ber in section 2.2.1. Probing BEC dark matter is therefore difficult. We propose a new
method relying on multi-messenger gravitational wave astronomy in section 4.3.
Before closing, we discuss alternatives to supersymmetry in chapter 5. Our focus is
however not supersymmetry alternatives solving the hierarchy problem as we introduced
low scale Standard Model UV completions in chapter 3, but on alternatives to mix global
spacetime and particle symmetries. The Coleman-Mandula theorem constrains such a
mixing severely and we review the no-go theorem in section 5.1. We then consider theo-
retical concepts which have the potential to circumvent the Coleman-Mandula theorem in
section 5.2, before turning to spacetime modifications in section 5.3. The new spacetime
structure we introduce will allow for a mixing of internal and external symmetries and
can additionally explain the appearance of the Standard Model generations and their mass
differences.
We conclude and give an outlook for future developments in chapter 6. For the sake
of readability, some results were banished to the appendix, whereas, for other results, we
have to refer the interested reader to the peer-reviewed articles.
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Disclaimer
While writing this thesis, the presented results were already published in peer-reviewed
journals.
• Section 2.1 is based on “Simple Left-Right Theory: Lepton Number Violation at
the LHC” in collaboration with Pavel Fileviez Pérez and Clara Murgui [1].
• Section 2.2 mainly considers results presented in “Leptobaryons as Majorana Dark
Matter” in collaboration with Hiren H. Patel [2]. However, the minimal theory of
leptobaryons was first introduced in “Minimal Theory for Lepto-Baryons” together
with Pavel Fileviez Pérez and Hiren H. Patel [3] and was an essential part of the
author’s master thesis.
• The low scale UV completions of the Standard Model presented in chapter 3 were
first published in “Unification and Local Baryon Number” in collaboration with
Pavel Fileviez Pérez [4].
• Section 4.3 elaborates on the results of “Gravitational waves as a new probe of
Bose–Einstein condensate Dark Matter” in collaboration with P. S. Bhupal Dev and
Manfred Lindner [5].
• Chapter 5 is based on the ideas published in “Emerging Internal Symmetries from
Effective Spacetimes” in collaboration with Manfred Lindner [6].
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1 Introduction
1.1 The Standard Model of Particle Physics
The Standard Model of particle physics is known as one of the most precise theories
ever invented. Experiments with state-of-the-art Penning traps are able to measure the
electron g factor to a precision of 0.28 parts in one trillion (1012) [7]. However, only
since 2012 has the Standard Model been complete. In the year 2012, the ATLAS and
CMS [8, 9] detector at the Large Hadron Collider (LHC) in Switzerland announced the
discovery of the Higgs boson. In this section, we shortly discuss the main features of the
Standard Model.
The Standard Model is a gauge theory based on the gauge group
GSM = SU(3)C ⊗ SU(2)L ⊗ U(1)Y . (1.1)
It was first introduced by Glashow, Weinberg and Salam in the 1960s [10, 11, 12]. In the
following discussion of the Standard Model, we split the Standard Model Lagrangian as
follows
LSM = LSMgauge + LSMscalar + LSMfermion . (1.2)
We will now discuss the individual contributions separately.
• LSMgauge contains the kinetic terms of the twelve Standard Model gauge fields
LSMgauge = −
1
4
(F µνG )a(FGµν)
a − 1
4
(F µνW )b(FW µν)
b − 1
4
F µνB FB µν , (1.3)
where (F µνG )a, (F
µν
W )b and F
µν
B are the respective field strength tensors of the gluon
fields Gµa belonging to the SU(3)C symmetry, the weak fields W
µ
b corresponding
to the SU(2)L symmetry, and the hypercharge field Bµ originating from the local
abelian U(1)Y symmetry with a ∈ {1, . . . , 8} and b ∈ {1, 2, 3}. The field strength
tensor is thereby defined as F µν = i
g
[Dµ, Dν ] = (F µν)aT
a with covariant derivative
Dµ = ∂µ+ig(Aµ)aT
a where (Aµ)a and T a are the respective gauge fields and gauge
symmetry generators. The gauge coupling g characterizes the coupling strength of
the associated gauge interactions 1.
• LSMscalar describes the Higgs doublet H ∼ (1, 2, 1/2) and the spontaneous symmetry
breaking in the Standard Model
LSMscalar = (DµH)†(DµH)−
λ
2
(
H†H − 1
2
v2
)2
. (1.4)
The scalar potential has the classical minimum
〈H〉 = 1√
2
(
0
v
)
, (1.5)
1Through all of this thesis we use natural units with c = ~ = 1.
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Fermionic particle content of the Standard Model
particle SU(3)C SU(2)L U(1)Y
left-handed quarks QL =
(
uL
dL
)
3 2 1/6
right-handed up-type quarks uR 3 1 2/3
right-handed down-type quarks dR 3 1 -1/3
left-handed leptons `L =
(
νL
eL
)
1 2 -1/2
right-handed charged leptons eR 1 1 -1
Table 1.1: The Standard Model fermions and their quantum numbers.
and therefore the vacuum state is not invariant under the symmetry transformations
of GSM. This phenomenon is known as spontaneous symmetry breaking [13, 14,
15] and is responsible for the gauge boson and fermion masses in the Standard
Model. Furthermore, the non-trivial vacuum expectation value of the Higgs breaks
the electroweak symmetry of the Standard Model
SU(3)C ⊗ SU(2)L ⊗ U(1)Y 〈H〉 6= 0−−−−→ SU(3)C ⊗ U(1)EM . (1.6)
The spontaneous breaking of the gauge symmetry GSM leads to a mass mixing of
the neutral component of the weak gauge fields and the hypercharge gauge field. A
linear combination of the weak and hypercharge gauge fields becomes massive and
is known as the Z boson, whereas another linear combination stays massless and is
known as the photon γ.
The Weinberg angle parametrizes the mixing of the neutral component of the weak
gauge field and the hypercharge gauge field
cos(θW ) =
gL
g2Y + g
2
L
and sin(θW ) =
gY√
g2Y + g
2
L
, (1.7)
where gY and gL are the hypercharge and weak gauge couplings, respectively. The
Higgs and gauge boson masses are then given by
MH =
√
λv , MW =
gLv
2
, MZ =
gLv
2cos(θW )
. (1.8)
• LSMfermion accounts for the kinetic terms and interactions of the Standard Model fer-
mions. The fermionic particle content of the Standard Model is shown in Table 1.1.
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The Lagrangian of the Standard Model fermions is given by
LSMfermion = Q¯Lα(i /D)QLα + u¯Rα(i /D)uRα + d¯Rα(i /D)dRα
+ ¯`Lα(i /D)`Lα + e¯Rα(i /D)eRα − y(l)αβ ¯`LαH eRβ
− y(u)αβ Q¯Lα H˜uRβ − y(d)αβ Q¯LαH dRβ , (1.9)
with /D = γµDµ and Dirac gamma matrices γµ = (γ0, γ1, γ2, γ3). We further
defined H˜ = iσ2H∗. The Yukawa couplings y
(l)
αβ , y
(u)
αβ , and y
(d)
αβ are given by 3 × 3
matrices in flavor space.
The non-trivial vacuum expectation value of the Higgs field induces a mass for the
Standard Model fermions via the Yukawa interactions after electroweak symmetry
breaking. The fermion mass matrices are given by
(mf )αβ = y
(f)
αβ
v√
2
with f ∈ {u, d, l} . (1.10)
Note that the mass matrices are not diagonal in general. However, we can further
define a bi-unitary transformation of the left- and right-handed fermion fields which
diagonalizes the mass matrices
(V fL )
†y(f)V fR = diag(m
f
1 ,m
f
2 ,m
f
3) ,
where mf1 , m
f
2 , and m
f
3 are the first, second, and third generation mass eigen-
values of the associated Standard Model fermions f ∈ {u, d, l}. The bi-unitary
transformation of the quark fields leads to a mixing of different quark flavors in
weak charged current interactions. The mixing is described by the unitary Cabibbo-
Kobayashi-Maskawa (CKM) matrix [16, 17] VCKM = (V uL )
†V dL . The CKM matrix
has four free parameters which describe the quark mixing, three angles and one
phase. Due to the phase of the CKM matrix, we find explicit CP violation in the
Standard Model.
The bi-unitary transformation of the charged leptons does not lead to a mixing of
the lepton flavors because neutrinos are massless in the Standard Model. Upon
the introduction of neutrino masses, this picture changes. The Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [18, 19] was introduced to describe the neutrino
mixing. The PMNS matrix has again at least four free parameters, three angles,
and one phase. If neutrinos are Majorana particles, two additional phases enter the
mixing matrix. The phases of the PMNS matrix are also a source of explicit CP
violation.
After this short walk-through of the Standard Model of particle physics, we now turn
towards physics beyond it. In chapter 2, we will construct explicit bottom-up extensions
of the Standard Model. We will embed the Standard Model in a more complete theory
in chapter 3 and modify the spacetime structure in chapter 5. The discussed extensions
always tackle phenomena beyond the Standard Model by concepts of new symmetries.
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1.2 Beyond the Standard Model
The Standard Model is a remarkable theory, but it is not flawless. In this section,
we introduce two shortcomings of the Standard Model: dark matter and the hierarchy
problem. It is widely believed that these two problems require new physics close to the
electroweak scale and thus could be experimentally tested and solved in near future. Of
course these are not the only challenges the Standard Model faces, but these are the two
problems which drive the field of high energy physics at the moment.
In this thesis, we will put forward new solutions to these problems and also elabo-
rate on new possibilities to probe existing solutions. Our main focus thereby will be to
detach these problems from the electroweak scale and thus explain the null results at cur-
rent experiments. While doing so, we will also encounter other deficits of the Standard
Model which we introduce in the appropriate sections. These deficits range from neutrino
masses, parity violation, proton stability, baryon asymmetry in the Universe, and origin
of the Standard Model gauge structure to the strong CP problem, the appearance of three
Standard Model fermion generations, and the fermion mass hierarchies. All these prob-
lems are important and we will present or comment on possible solutions. Nevertheless,
none of them is conventionally as closely linked to the electroweak scale as dark matter
and the hierarchy problem. Hence, none of them is under such experimental pressure as
dark matter and the hierarchy problem.
Dark Matter
With all the praises for the Standard Model, we should not forget that only about 5%
of the energy density of the Universe is described by the Standard Model. About 27% of
the energy density of the Universe is contributed by dark matter and roughly 68% is in
the form of dark energy [20]. In this thesis, we take the point of view that a cosmological
constant is responsible for the accelerated expansion of the Universe and accounts for
the dark energy. However, we expect that the physics explaining the smallness of the
cosmological constant is unrelated to the ideas presented.
The most notable aspect of dark matter is the overwhelming experimental evidence.
We have a variety of discrepancies between observational data and our theoretical pre-
dictions which are all hinting towards the concept of dark matter. Even more strikingly,
the experimental evidence covers a wide range of distances. At galactic scales, we find
modifications of galaxy rotation curves [21, 22]. At the scale of galaxy clusters, we find
undeniable shifts of the center-of-mass in cluster collisions [23, 24]. At cosmological
scales, we find enhancement and damping in the baryon acoustic spectrum [25, 20]. There
are attempts to explain these observations by a modification of gravity [26, 27]. However,
due to this wide spread in energy, we interpret these results as a strong hint towards a new
stable electrically neutral particle species.
Dark matter is not a particularly new problem of cosmology. Zwicky already discov-
ered in 1933 that the galaxies of the Coma-cluster move faster as their observed grav-
itational potential suggests [28]. Further experimental evidence for dark matter stems
from the abundance of light elements at Big Bang nucleosynthesis (BBN) [29]. The
15
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observed abundance is too small to explain the observed large scale structure of the Uni-
verse. These observations are supported by N-body simulations which have to include a
dark matter component to match the observed large scale structure [30]. Finally, a more
recent indication for dark matter comes from studies of weak gravitational lensing [31].
Weakly interacting massive particles (WIMPs) have been the preferred dark matter
candidate over the past decades. A stable particle with weak scale interactions and a
mass in the multi-GeV range has just the right properties to account via the freeze-out
mechanism for the observed dark matter relic abundance. This is known as the WIMP
miracle. Moreover, WIMPs are extremely well motivated in the most respected Standard
Model extensions. The lightest supersymmetric particle, for example, is an ideal dark
matter candidate [32]. Furthermore, most gauge extensions of the Standard Model predict
stable particles which are also exemplary dark matter candidates.
WIMPs are by far not the only dark matter candidates. Other proposed dark matter
candidates are axion-like particles [33, 34], scalar extensions of the Standard Model [35,
36], keV sterile neutrinos [37] or primordial black holes [38, 39]. All of these dark matter
candidates interact very weakly with Standard Model particles, can be produced in the
early Universe, and are stable on cosmological time scales. However, they can differ
in their velocity distributions. The observations suggest that the dominant dark matter
contribution has to originate from a non-relativistic particle species. Such non-relativistic
dark matter is referred to as cold dark matter. Sterile neutrino dark matter, in contrast,
would only be partly non-relativistic if at all in thermal equilibrium. Partly non-relativistic
and partly relativistic dark matter scenarios are generally referred to as warm dark matter.
Recent results even imply that a dark matter mixture with non-relativistic and relativistic
degrees of freedom may have a better agreement with the measured small scale structure
of the Universe [40, 41].
As the search for dark matter is one of the most important quests of modern physics,
and also due to the variety of possible dark matter candidates, a global experimental en-
deavor started. Direct detection experiments such as XENON1T try to measure the dark
matter-nucleon scattering in large underground laboratories [42, 43]. Gamma ray observa-
tories like H.E.S.S. search for dark matter annihilation products [44, 45, 46]. The ATLAS
and CMS detectors at the LHC try to identify new stable particles [47]. More specialized
experiments, for example ADMX, search specifically for axion-like particles as dark mat-
ter [48]. Gravitational wave detectors such as LIGO [49] can search for primordial black
holes.
In this thesis, we will consider two very different dark matter candidates. In section
2.2, we enlarge the Standard Model gauge symmetry by local baryon number. As the
Standard Model with gauged baryon number is not a consistent theory due to the non-
vanishing anomalies, we have to predict new particles. Upon the spontaneous breaking
of local baryon number, the lightest new particle is automatically stable and a dark matter
candidate. In the extension presented in section 2.2, the dark matter candidate will be a
Standard Model singlet Majorana fermion. We will see that, due to the Majorana nature,
the proposed dark matter candidate behaves as heavy WIMP dark matter.
Our second dark matter candidates are axion-like particles which we discuss in chapter
4. We thereby focus on the interesting property that axion-like particles can form Bose-
16
1.2 Beyond the Standard Model
Einstein condensates of galactic size. Such BEC dark matter is however difficult to distin-
guish from other dark matter candidates with large scale structure observations. We there-
fore propose a novel method to probe BEC dark matter with repulsive self-interactions via
gravitational waves in section 4.3.
The Hierarchy Problem
With the discovery of the Higgs boson, we have confirmed the existence of fundamental
scalar particles. The most peculiar aspect of fundamental scalars is the fact that they are
highly sensitive to UV physics. The Higgs mass is the only dimensionful coupling of the
Standard Model Lagrangian and thus the only relevant operator. Embedding the Standard
Model in an UV complete theory, we find that the measured physical Higgs mass is given
by
M2H = (M
0
H)
2 + δM2H , (1.11)
where M0H is the bare Higgs mass and δMH represents the high energy corrections to the
Higgs mass induced by the high energy theory.
If we assume that the Standard Model is valid up to the Planck scale and that a more
fundamental theory emerges at this scale, the high energy corrections in equation (1.11)
are given by
δM2H = CPl
M2Pl
16pi2
, (1.12)
with the coupling CPl depending on the gauge couplings, Yukawa couplings, and Higgs
self-couplings of the theory. As the Planck scale is assumed to be of the order MPl ∼
1019 GeV, we find that the bare Higgs mass M0H has to almost exactly cancel the high
energy corrections to allow for an electroweak scale physical Higgs mass. Such a theory
is considered to be fine-tuned. It is important to note that the hierarchy problem is not a
flaw of the Standard Model per se. The problem arises as we are embedding the Standard
Model into a more fundamental theory at scales far above the electroweak scale.
The Standard Model fermion masses are in contrast protected from UV corrections by
the chiral symmetry of the Standard Model at high energies. There are only two known
symmetries which could protect the Higgs mass from UV corrections. The first possibility
is supersymmetry [50, 51] and the second is conformal symmetry [52, 53]. Supersymme-
try is a modification of the spacetime structure which introduces a new particle with oppo-
site statistics for every Standard Model particle. The new bosons and fermions only give
rise to mass corrections of the Standard Model Higgs proportional to the supersymmetry
breaking scale. Hence, if the supersymmetry breaking scale is close to the electroweak
scale, the mass corrections are small and we would consider the theory natural. On the
other hand, conformal symmetry forbids dimensionful couplings completely. The Higgs
mass is established by an anomalous breaking of the conformal symmetry.
In this thesis, we take the approach that the Planck scale, the scale where gravity be-
comes strongly coupled, is not at 1019 GeV but significantly lower at 107 GeV. We would
17
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then still consider the physical Higgs mass to be fine-tuned. However, by lowering the
Planck scale by twelve orders of magnitude, the tuning is significantly lessened. The
Planck scale can be lowered for example with the introduction of large extra dimen-
sions [54]. We are able to take this point of view as we construct the first UV completion
of the Standard Model in four dimensions which can be realized at energy scales as low
as 107 GeV without giving rise to proton decay in chapter 3.
The constructed UV completion of the Standard Model further introduces four addi-
tional scales between the electroweak scale and the lowered Planck scale. The high energy
corrections of the Higgs mass then take the form
δM2H = C1
M21
16pi2
+ C2
M22
16pi2
+ C3
M23
16pi2
+ C4
M24
16pi2
+ CPl
M2Pl
16pi2
. (1.13)
Although the four scales in between the electroweak scale and the lowered Planck scale at
107 GeV do not resolve the fine-tuning of the theory, they do give rise to the possibility of a
new mechanism such as the clockwork mechanism [55] which could lead to a cancellation
of the contributions of the five scales to the Higgs mass.
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To solve problems efficiently, we generally start to simplify and to abstract. Such an
approach is especially sensible if the problem is too complex to grasp initially. As we are
abstracting, we try to categorize and search for hidden relations. Symmetries are often our
first choice. If considering the mechanics of billiard balls or the quantum theory of many-
body systems, symmetries make nature accessible. It is unsurprising that symmetries are
considered to be one of the most important fundamental principles of physics.
Symmetry is an abstract phrase. What does a physicist actually mean by a symmetry?
A symmetry in fundamental physics is a special transformation property of the system
which does not change the outcome of experiments. Assuming that the laws of physics are
describable by the principle of least action, we define a symmetry by a transformation of
the action which changes the action by, at most, a total derivative. A total derivative leads
to surface terms which vanish for appropriate field configurations. The only exception are
non-abelian gauge theories, as discussed in section 4.1. The action S is defined as
S =
∫
d4xL(Φi, ∂Φi) , (1.14)
where Φi are arbitrary scalar, spinor, vector, and metric tensor fields. Noether’s the-
orem [56] then links symmetry transformations of the action S to conserved charges.
Conserved charges allow us to label quantum states.
We distinguish two types of symmetry transformations: spacetime and internal symme-
tries. Spacetime transformations are symmetry transformations which act on the integral
measure d4x and on fields in non-trivial spacetime symmetry representations. Transla-
tions and rotations are, for instance, spacetime symmetries. Internal symmetry transfor-
mations on the other hand do not transform the integration measure d4x, but only act on
the fields in the Lagrangian. The Standard Model gauge symmetry is an example for an
internal symmetry.
The special standing of symmetries in fundamental particle physics became evident
with the development of quantum mechanics at the beginning of the 20th century. Eugene
Wigner recognized that elementary particles have to be identified with the irreducible
representations of the spacetime symmetry group [57].
However, it was not only the importance of spacetime symmetries which unmasked
symmetries as a superb guiding principle. After the discovery of gauge theories and
the success of describing quantum electrodynamics (QED) as an abelian U(1)EM gauge
theory and quantum chromodynamics (QCD) as a non-abelian SU(3)C gauge theory, the
prominence of symmetries finally became undeniable. The Standard Model of particle
physics, which is the most precise theory known [7], is based on a SU(3)C ⊗ SU(2)L ⊗
U(1)Y gauge theory which is spontaneously broken to SU(3)C ⊗ U(1)EM via the Higgs-
Englert mechanism, as discussed in section 1.1.
Of course, symmetries also serve as a guiding principle for physics beyond the Standard
Model. The appearance of extremely small or extremely large numbers as fundamental
quantities is always a striking and puzzling phenomenon. To relate such entities to natural
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order one quantities, symmetries are required. A prime example is the Peccei-Quinn
symmetry which was invented to explain the smallness of the vacuum angle of QCD
θQCD.
However, not only can the Peccei-Quinn symmetry explain the observed vacuum an-
gle of QCD, it also leads to an interesting and testable phenomenology. The axion, the
pseudo-Goldstone boson of the Peccei-Quinn symmetry, is a potential dark matter candi-
date. In general, axion-like particles have to be extremely light and weakly interacting.
Fascinatingly, they could form macroscopic Bose-Einstein condensates of galactic size.
We discuss axion-like particles and Bose-Einstein condensate dark matter in chapter 4.
Thereby, special emphasize is given to a new method of probing Bose-Einstein conden-
sate dark matter with gravitational waves [5].
On the other hand, an exemplary extremely large number which requires explanation
is the proton lifetime. The lifetime of the proton exceeds the age of the Universe by
at least three times. The proton carries baryon number which is an accidental global
symmetry of the Standard Model. Intriguing results from quantum gravity suggest that
global symmetries cannot exist in nature (see section 2.2). By promoting baryon number
from a global symmetry to a local symmetry, we can evade such consistency conflicts.
Additionally, we thereby also stabilize the proton and explain the long lifetime. The
phenomenology of the minimal Standard Model extension with local baryon number [3,
2] is discussed in section 2.2. “Minimal” in this context refers to the minimal number of
additional fermionic multiplets to have a consistent anomaly free quantum theory.
So far, we have only tried to enlarge the symmetry structure of the Standard Model.
However, there are also symmetries which are explicitly broken and they unsettle us. The
spacetime we observe suggests that there should exist three discrete spacetime symme-
tries: parity P , charge conjugationC, and time reversal T . TheCPT theorem [58, 59, 60]
even guarantees that a local, causal, and Lorentz invariant field theory with Poincaré in-
variant vacuum and bound Hamiltonian is invariant under CPT transformations. Never-
theless, the Wu experiment was the first experimental proof that the discrete parity sym-
metry P is broken in nature [61]. Today, we even know that all the individual discrete
spacetime symmetries are broken. As a consequence, the CP symmetry is explicitly bro-
ken by the CKM matrix in the Standard Model (see section 1.1). A possible mechanism to
explain why parity is violated in the Standard Model is the spontaneous symmetry break-
ing in left-right symmetric theories [62, 63, 64, 65]. In left-right symmetric theories, the
discrete parity symmetry P can be restored at high energies. As the theory spontaneously
breaks to the Standard Model, the parity symmetry P is broken as well. We discuss left-
right symmetric theories in section 2.1. We thereby introduce the left-right symmetric
theory with the minimal number of degrees of freedom which can account for Majorana
neutrinos [1].
As symmetries should help us to understand the structure of nature, it is a valid question
to ask: What is special about a gauge theory based on SU(3)C ⊗ SU(2)L ⊗ U(1)Y ?
Group theoretical embeddings of the Standard Model try to address this question. We
will construct a low scale UV completion of the Standard Model which is testable in
chapter 3. Consequently, we will combine the ideas of local baryon number and left-right
symmetry. The gauge theory we introduce is based on SU(4)C ⊗ SU(3)L ⊗ SU(3)R and
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is the minimal non-abelian gauge theory which can be broken to the Standard Model with
local baryon number and is left-right symmetric [4]. “Minimal” in this context refers to
the minimal rank of the gauge group. We will also touch on the more symmetric gauge
theory based on SU(4)C ⊗ SU(4)L ⊗ SU(4)R.
Until now, we distinguished between spacetime and internal symmetries. Such a dis-
tinction is supported by the Coleman-Mandula theorem [66]. The theorem demands that
the symmetry describing a scattering process in a relativistic and interacting quantum field
theory has to factor into spacetime and particle symmetries. This is a frustrating result as
we expect that the most fundamental theory of everything should treat spacetime and par-
ticles on an equal footing. We discuss the Coleman-Mandula theorem and possibilities
to nonetheless mix spacetime and particle symmetries without supersymmetry in chapter
5. Our focus thereby is on non-supersymmetric theories with a modified spacetime struc-
ture [6]. As we are introducing new concepts for spacetime, we also change Wigner’s
notion of elementary particles.
This discussion shows that symmetries are a recurring theme in physics. Symmetries
will also be the repeating and connecting topic of this thesis, which spans from gauge
extensions of the Standard Model to new notions of spacetime.
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CHAPTER 2
MINIMAL EXTENSIONS GUIDED BY
SYMMETRIES
IN THIS CHAPTER, we discuss two bottom-up extensions of the Standard Model. Ourfocus is thereby on theories which are decoupled from the electroweak scale, mini-
mal, and testable with current and future experiments. We start with the discussion of
the left-right symmetric theory with the minimal number of beyond the Standard Model
particles which can account for Majorana neutrinos in the next section. The model was
first introduced by us in [1]. The Majorana neutrino mass is generated at the one-loop
level via a new singly charged scalar field. As a consequence, the theory predicts light
right-handed Majorana neutrinos. The new singly charged scalar field and the light right-
handed Majorana neutrinos will allow for the testability of the theory at the LHC.
We then turn from left-right symmetric theories to extensions of the Standard Model
by local baryon number. The Standard Model extension by local baryon number with
the least number of new fermionic multiplets was discovered in an earlier work [3] and
the topic of the master thesis of the author. The new fermionic multiplets were named
leptobaryons since they carry baryon and lepton number but are color singlets. In this
thesis, we focus on the discussion of the phenomenology of the minimal theory of lepto-
baryons which is based on work published in [2]. Extending the Standard Model gauge
group by gauged baryon number leads to a new stable particle. In the minimal theory of
leptobaryons, we assume that the new stable particle is a neutral Majorana fermion and
thus an ideal dark matter candidate. We will investigate the properties of such a dark
matter candidate and make a connection to possible signals at a particle collider such as
the LHC.
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2.1 Minimal Left-Right Symmetric Theory
Left-right symmetric theories [62, 63, 64, 65] are based on the gauge group
GLR = SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L. (2.1)
We could further impose a discrete left-right parity which links SU(2)L and SU(2)R rep-
resentations. Note that we could also choose charge conjugation as a discrete left-right
symmetry [67]. However, to later have a viable left-right symmetric theory at low ener-
gies, we have to assume that the discrete left-right parity is explicitly broken (see section
2.1.1). The Standard Model fermions are embedded in the following representations
QL =
(
uL
dL
)
∼ (3, 2, 1, 1/3) , QR =
(
uR
dR
)
∼ (3, 1, 2, 1/3) ,
`L =
(
νL
eL
)
∼ (1, 2, 1,−1) , `R =
(
νR
eR
)
∼ (1, 1, 2,−1) .
For the electric charge, we use the convention
QEM = T
3
L + T
3
R +
Y(B−L)
2
, (2.2)
where Y(B−L) is the generator of U(1)B−L and T 3L and T
3
R are the symmetry generators of
SU(2)L and SU(2)R, respectively [68].
In left-right symmetric theories, the Standard Model quarks and leptons become mas-
sive once a bi-doublet Higgs acquires a non-trivial vacuum expectation value. The bi-
doublet Higgs is given in matrix notation by
Φ =
(
φ01 φ
+
2
φ−1 φ
0
2
)
∼ (1, 2, 2, 0) .
If the Yukawa interactions of the bi-doublet Higgs with the Standard Model fermions are
given by
L ⊃ Q¯L
(
Y1Φ + Y2Φ˜
)
QR + ¯`L
(
Y3Φ + Y4Φ˜
)
`R + h.c. , (2.3)
where Φ˜ = σ2Φ∗σ2, then the charged fermion masses read as
mU = Y1v1 + Y2v
∗
2, (2.4)
mD = Y1v2 + Y2v
∗
1, (2.5)
mE = Y3v2 + Y4v
∗
1, (2.6)
where v1 and v2 are the vacuum expectation values of the fields φ01 and φ
0
2, respectively.
In this simplest scenario, neutrinos are Dirac particles with mass matrix given by
mDν = Y3v1 + Y4v
∗
2. (2.7)
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Nonetheless, in the region of parameter space where v2  v1 and Y3  Y4, we find small
Dirac neutrino masses [69]. In this limit, the lepton masses approximately take the form
mE ≈ Y4v∗1, (2.8)
mDν ≈ v1
(
Y3 +mE
v∗2
|v1|2
)
. (2.9)
To break the left-right symmetric theory to the Standard Model
SU(2)R ⊗ U(1)B−L → U(1)Y ,
additional Higgses have to be added. The left-right symmetric Higgs sector with the
minimal number of additional propagating degrees of freedom which can accomplish the
symmetry breaking is given by [65]
HL =
(
h+L
h0L
)
∼ (1, 2, 1, 1) and HR =
(
h+R
h0R
)
∼ (1, 1, 2, 1) .
The left-right symmetry is broken as HR develops the vacuum expectation value
〈HR〉 = 1√
2
(
0
vR
)
. (2.10)
It is thus important to acknowledge that the left-right symmetric theory with the minimal
number of beyond the Standard Model particles predicts Dirac neutrinos.
However, since the neutrinos νR do not carry electric charge, there is the possibility
that neutrinos are their own anti-particles and hence Majorana particles. This possibility
is theoretically especially attractive because it is a necessary condition to have a seesaw
mechanism [70, 71, 72, 73, 74]. The seesaw mechanism explains the smallness of the
neutrino masses compared to the other Standard Model fermion masses. We will dis-
cuss Majorana neutrinos and different realizations of the seesaw mechanism in left-right
symmetric theories in the next section.
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2.1.1 Majorana Neutrinos in Left-Right Symmetric Theories
In left-right symmetric models, two tree-level realizations of Majorana neutrino masses
are known. We will shortly introduce these possibilities before we propose a new radiative
seesaw mechanism and show the advantages.
• Type I and Type II seesaw mechanism: The minimal number of left-right sym-
metric propagating scalar degrees of freedom which can break SU(2)R⊗U(1)B−L
to U(1)Y are the previously introduced Higgs doublets HL and HR. However, we
can also accomplish the symmetry breaking by introducing two Higgs triplets [74,
75, 76, 77, 78] instead
∆L ∼ (1, 3, 1, 2) and ∆R ∼ (1, 1, 3, 2) .
We then find the following additional interactions of the Higgs triplets and Standard
Model fermions
L ⊃ λ∆`TLCiσ2∆L`L + λ∆`TRCiσ2∆R`R + h.c. . (2.11)
Upon the general vacuum expectation value assignment
〈Φ〉 =
(
v1 0
0 v2
)
, 〈∆L〉 =
(
0 0
vL 0
)
, 〈∆R〉 =
(
0 0
vR 0
)
, (2.12)
the neutrino mass matrix in the basis (ν νc)L takes the form
mI+IIν =
(
2λ∆vL Y3v1 + Y4v
∗
2
Y3v1 + Y4v
∗
2 −2λ∗∆v∗R
)
. (2.13)
After diagonalizing the mass matrix mI+IIν , we find in the limit vR  v1, v2 and for
vL → 0 the approximate mass eigenvalues
mI+IIνL ≈ λ∆
f(v1, v2)
vR
+
(Y3v1 + Y4v
∗
2)
2
λ∆vR
, (2.14)
mI+IIνR ≈ λ∆vR , (2.15)
where f(v1, v2) = a(v21 + v
2
2) + bv1v2 with coefficients a and b functions of various
scalar potential couplings. Hence, the smallness of the left-handed neutrino mass
can be understood as a consequence of vR  v1, v2. Heavy right-handed neutrinos
are the reason for light left-handed neutrinos.
• Type III seesaw mechanism: In the context of the minimal consistent left-right
symmetric Higgs sector with the Higgs doublets HL and HR, we can account for
Majorana neutrinos at tree-level by introducing two fermionic triplets [79, 80]
ρL ∼ (1, 3, 1, 0) and ρR ∼ (1, 1, 3, 0) .
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The Majorana mass terms and additional Yukawa couplings are then given by
L ⊃λρ`TLCiσ2ρLHL + λρ`TRCiσ2ρRHR
+mρTr
(
ρTLCρL
)
+mρTr
(
ρTRCρR
)
+ h.c. . (2.16)
In the basis (ν νc ρc)L, we thus find the mass matrix
mIIIν =
 0 Y3v1 + Y4v∗2 0Y3v1 + Y4v∗2 0 − 12√2λρvR
0 − 1
2
√
2
λρvR mρ
 , (2.17)
with the general vacuum expectation value assignment
〈Φ〉 =
(
v1 0
0 v2
)
, 〈HL〉 = 1√
2
(
0
vL
)
, 〈HR〉 = 1√
2
(
0
vR
)
, (2.18)
where vR 6= vL to spontaneously break the left-right symmetry. We further assume
vL = 0 for simplicity [64, 80]. After integrating out ρ and ρc, we approximately
find
mIIIνL ≈
8mρ(Y3v1 + Y4v
∗
2)
2
λ2ρv
2
R
, mIIIνR ≈
λ2ρv
2
R
8mρ
, mIIIρR ≈ mρ . (2.19)
To integrate out ρ and ρc, we assumed mρ  vR  v1, v2. Again, the mass of
the left-handed neutrinos is suppressed by the mass of the right-handed neutrinos.
However, the right-handed neutrino mass is now also suppressed by the fermionic
triplet mass.
Radiative Seesaw Mechanism
After reviewing the type I+II and III seesaw mechanism in left-right symmetric theo-
ries, we now turn to a radiative seesaw mechanism [81]. The motivation to turn from a
tree-level process to a quantum loop process is Ockham’s razor and the principle of min-
imality. Without experimental evidence, we should try to describe nature with the least
number of degrees of freedom possible. By introducing an arbitrary number of special-
ized particles, any data can be fitted and any phenomena can be described. However, by
doing so, a deeper connection between the observations is lost. As physicists it is our
main objective to search for and understand these wondrous connections. We therefore
rely on the minimal left-right symmetric Higgs sector which can give mass to the Standard
Model fermions and further breaks the left-right symmetry
Φ ∼ (1, 2, 2, 0) , HL ∼ (1, 2, 1, 1) , HR ∼ (1, 1, 2, 1) .
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Figure 2.1: Neutrino mass generation at the quantum level.
To further generate Majorana masses for the neutrinos which allows for a seesaw mecha-
nism, we add a singly charged scalar field [82, 1]
δ+ ∼ (1, 1, 1, 2) .
Note that no new fermionic degrees of freedom are needed compared to the type III seesaw
mechanism and that one scalar degree of freedom less is introduced compared to the
type I+II seesaw mechanism. The relevant interactions to generate the Majorana neutrino
masses are given by
L ⊃ λL`L`Lδ+ + λR`R`Rδ+ + λ1HTL iσ2ΦHRδ− + λ2HTL iσ2Φ˜HRδ− + h.c. . (2.20)
To calculate the neutrino masses at low energies, we have to transform into the bro-
ken symmetry phase. Before symmetry breaking, we find the five charged scalar fields,
φ±1 , φ
±
2 , h
±
R, h
±
L , and δ
±. We introduce the 5 × 5 rotation matrix V which diagonalizes
the charged Higgs mass matrix and relates the scalar fields in the broken and unbroken
symmetry phase(
φ+1 φ
+
2 h
+
L h
+
R δ
+
)T
= V
(
h+1 h
+
2 h
+
3 h
+
4 h
+
5
)T
. (2.21)
The rotation matrix V depends on the scalar couplings. The full scalar potential is given
in the Appendix 7.2.
For illustration, we show the loop diagram in Figure 2.1 which generates the Majorana
neutrino masses in the broken and unbroken symmetry phase. The diagram in the unbro-
ken phase illustrates the dependence of the process on the couplings in the Lagrangian
(2.20) which is hidden inside the rotation matrix V in the broken phase.
The neutrino mass matrix generated at one-loop level in the basis (ν νc)L then reads
m1-loopν =
(
mLν m
D
ν(
mDν
)T
mRν
)
, (2.22)
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where
(mLν )
αγ
=
1
4pi2
λαβL meβ
∑
i
Log
(
M2hi
m2eβ
)
V5i
[
(Y †3 )
βγV ∗2i − (Y †4 )βγV ∗1i
]
+ α↔ γ,
(2.23)
(mRν )
αγ
=
1
4pi2
λαβR meβ
∑
i
Log
(
M2hi
m2eβ
)
V5i
[
(Y3)
βγV ∗1i − (Y4)βγV ∗2i
]
+ α↔ γ .
(2.24)
Studying the mass matrix (2.22), we learn that in the region of parameter space where
mLν ,m
R
ν  mDν we find quasi-Dirac neutrinos. This region of parameter space corre-
sponds to small couplings λL and λR [83, 84]. Quasi-Dirac neutrinos have the unusual
property of a large mixing of active and sterile neutrinos. However, in order to have a
seesaw mechanism, we have to require λL  λR. We therefore assume that the discrete
left-right parity is explicitly broken by the Yukawa and scalar interactions. The explicit
breaking of the discrete left-right parity further avoids the domain wall problem when
considering a low left-right symmetry scale [85]. If we then additionally assume that
mDν  mRν , we find a low scale seesaw mechanism with masses approximately given by
mνL ≈ −
(
mDν
)T (
mRν
)−1 (
mDν
)
and mνR ≈ mRν . (2.25)
Hence, although the Majorana neutrino masses are generated at the one-loop level, we
can still find a suppression of the active neutrino masses.
We can estimate the scale of the right-handed Majorana neutrino mass by noting that
the sum over the charged Higgs masses weighted by the combination of mixing matrix
entries and Yukawa couplings in equation (2.24) is strongly constraining the scale of the
neutrino masses due to the unitarity of the mixing matrix V . There is no lower bound on
the right-handed neutrino Majorana mass since the masses turn to zero when the charged
Higgs masses are degenerated. However, we can infer an upper bound by assuming a
conservative scenario where the couplings λR, Y3, and Y4 are of order one. We further
assume a single generation for simplicity because the contribution of the tau mass dom-
inates over the contribution of the muon and electron mass inside the loop of Figure 2.1
since mτ  mµ,me.
Due to the unitarity of the mixing matrix, the maximum value that the logarithms in
equation (2.24) could acquire is roughly two times the largest difference between the
order of magnitudes of the charged Higgs masses. We could assume the extreme case in
which one charged Higgs has a mass of the order of the electroweak scale, O(102GeV),
and another charged Higgs has a mass of the order of the Plank scale, O(1019GeV). The
upper theoretical bound for the right-handed Majorana neutrino mass would then be
MRν . 150 GeV . (2.26)
In a more plausible scenario, the mass scales of the charged Higgses in a low scale left-
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right symmetric theory are expected to be in the multi-TeV range, O(103 − 104GeV).
Therefore, the estimation for a more realistic upper limit is
MRν . (0.4− 0.8) GeV . (2.27)
In summary, we find relatively light right-handed neutrinos. Hence, in order for the
seesaw mechanism to still explain the smallness of the left-handed neutrino masses, we
have to assume that v2  v1 and Y3  Y4. We therefore require already comparatively
small Dirac neutrino masses mDν as shown in equation (2.9). In the Appendix 7.3, we
demonstrate that the separation of the vacuum expectation values, v2  v1, of the bi-
doublet Higgs is possible.
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2.1.2 Gauge Bosons in the Minimal Left-Right Symmetric
Theory
In this section, we start the discussion of the different possibilities to probe the minimal
left-right symmetric theory with Majorana neutrinos. By enlarging the Standard Model
gauge group GSM to the left-right symmetric gauge group GLR, we introduce additional
gauge bosons. In order to understand the gauge symmetry structure of nature, we have to
examine the gauge boson properties [64].
In left-right symmetric theories, we find the charged gauge bosons W±R and a neutral
gauge boson ZBL in addition to the Standard Model gauge bosons. In the basis (W+L W
+
R )
the charged gauge boson mass matrix reads as
M2± =
(
g2L
2
(1
2
v2L + v
2
1 + v
2
2) −gLgRv1v2
−gLgRv1v2 g
2
R
2
(1
2
v2R + v
2
1 + v
2
2)
)
, (2.28)
where gL and gR are the gauge couplings of SU(2)L and SU(2)R. We can diagonalize
the mass matrix by a single rotation where the mixing angle is approximately
tan(2θLR) ≈ 8gL
gR
v1v2
v2R
. (2.29)
In the limit vR  vL, v1, v2, we find θLR → 0 such that W±L and W±R do not mix and are
effectively mass eigenstates. The mass of W±R is then given by
MWR ≈
gR
2
vR . (2.30)
Moreover, the mass matrix for the neutral gauge bosons in the basis (W 3L W
3
R ZBL) can
be written as
M20 =
1
4
2g2L(12v2L + v21 + v22) −2gLgR(v21 + v22) −gLgBLv2L−2gLgR(v21 + v22) 2g2R(12v2R + v21 + v22) −gRgBLv2R−gLgBLv2L −gRgBLv2R g2BL(v2L + v2R)
 . (2.31)
To diagonalize the 3 × 3 mass matrix of the neutral gauge bosons, three rotations are
necessary. However, in the limit vL → 0, we can decompose these three rotations and
first apply two rotations to decouple the photon. We find that the photon decouples once
we apply the rotations
W 0L = cos(θW )ZL + sin(θW )A ,
W 0R = cos(θR)ZR − sin(θW ) sin(θR)ZL + cos(θW ) sin(θR)A ,
Z0BL = − sin(θR)ZR − sin(θW ) cos(θR)ZL + cos(θW ) cos(θR)A ,
where we defined tan(θR) = gBL/gR and the Weinberg angle is given by tan(θW ) =
gY /gL. In this scenario, the gauge coupling of the Standard Model hypercharge is defined
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as
gY =
gBLgR√
g2BL + g
2
R
. (2.32)
In the (ZR ZL A) basis the mass matrix is now given by
M20 =
M2RR M2LR 0M2LR M2LL 0
0 0 0
 , (2.33)
with
M2RR =
v2R
4
(
g2BL + g
2
R
)
+ (v21 + v
2
2)
g4R
2(g2BL + g
2
R)
, (2.34)
M2LR = −(v21 + v22)
g2R
√
g2Lg
2
R + g
2
BL(g
2
L + g
2
R)
2(g2BL + g
2
R)
, (2.35)
M2LL = (v
2
1 + v
2
2)
g2Lg
2
R + g
2
BL(g
2
L + g
2
R)
2(g2BL + g
2
R)
. (2.36)
We can further diagonalize the 2×2 submatrix by a single rotation. We define the mixing
angle by
tan(2θBL) ≈ −4g
2
R
√
g2Lg
2
R + g
2
BL(g
2
L + g
2
R)
(g2BL + g
2
R)
2
v21 + v
2
2
v2R
. (2.37)
In the limit v2R  v21 +v22 , the mixing angle θBL vanishes and thus ZL and ZR do not mix.
Electroweak precision tests constrain the mixing angle θBL to be smaller than 10−3 and
thus the limit v2R  v21 + v22 seems to be realized in nature [86]. The Z ′ mass in this limit
is then given by
MZ′ '
√
g2BL + g
2
R
gR
MWR
gL=gR' 1.2MWR , (2.38)
where gL = gR is a reasonable assumption because we expect the gauge couplings to
be identical at the left-right symmetry scale. Only for gL = gR are the left- and right-
handed interactions identical at the left-right symmetry scale. The current limit on the
new charged gauge boson mass MWR & 3 TeV [67, 87, 88, 89] therefore translates into a
limit on the new neutral gauge boson mass MZ′ & 3.6 TeV.
The new heavy gauge bosons can decay to all Standard Model fermions. Additionally,
they can also decay to the right-handed neutrinos in the minimal left-right symmetric the-
ory with Majorana neutrinos because the right-handed neutrino mass is of orderO(1 GeV)
as was derived in the previous section. The new charged gauge boson W+R decays as
W+R → qdqu, e¯νL, e¯νR , (2.39)
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where generation and flavor indices are implicit and qd ∈ {d, s, b} and qu ∈ {u, c, t}. The
decays of the new neutral gauge boson Z ′ are
Z
′ → q¯q, e¯e, νLνL, νRνR, δ+δ− , (2.40)
where again the generation and flavor indices are implicit. Note that in left-right symmet-
ric theories with Higgs triplets the right-handed neutrinos νR are mostly considered to be
heavy to realize the type I+II seesaw mechanism [74, 78]. As a consequence, the gauge
bosons cannot decay to right-handed neutrinos νR. The minimal left-right symmetric the-
ory with Majorana neutrinos therefore predicts a larger leptonic branching ratio compared
to such a scenario.
The partial decay widths of W+R are given in the Appendix 7.1.1. We find
BR(W+R → qdqu) ' 60% , BR(W+R → e¯νL) ' 20% , BR(W+R → e¯νR) ' 20% ,
for the branching ratios. Comparing these results to the standard left-right symmetric
theory with Higgs triplets and heavy Majorana neutrino masses
BR(W+R → qdqu) ' 75% , BR(W+R → e¯νL) ' 25% ,
we can distinguish the two theories by measuring the baryonic branching of the new right-
handed charged current.
In Figure 2.2, we show the total width and the leptonic width of the charged gauge
boson W+R as a function of MWR . The solid lines allow for the decay W
+
R → e¯νR,
whereas the dashed lines do not. By measuring ΓtotWR to more than 25% accuracy, we can
experimentally verify if the decay W+R → e¯νR is kinematically allowed. To clarify, if
the decay W+R → e¯νR was discovered, we could not conclude that the minimal left-right
symmetric theory with Majorana neutrinos was realized in nature. However, the minimal
left-right symmetric theory with Majorana neutrinos predicts light right-handed neutrinos
and thus W+R → e¯νR is a necessary condition for the theory to be realized in nature.
The partial decay widths of Z ′ are again given in the Appendix 7.1.2. We find for the
branching
BR(Z
′ → q¯q) ' 90.5% , BR(Z ′ → e¯e) ' 7.4% , BR(Z ′ → νLνL) ' 0.1% ,
BR(Z
′ → νRνR) ' 0.1% , BR(Z ′ → δ+δ−) ' 1.8% .
The baryonic decays dominate the width of the Z ′ . Changes in the leptonic branching
will change the total width negligibly such that it is difficult to distinguish experimentally
if the decays Z ′ → νRνR are kinematically allowed or forbidden.
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Figure 2.2: Total and leptonic width of W+R as a function of MWR . The solid lines cor-
respond to the discussed minimal left-right symmetric model with Majorana
neutrinos where W+R → e¯νR is allowed and the dashed lines to the standard
left-right symmetric theories where W+R → e¯νR is forbidden.
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2.1.3 Minimal Left-Right Symmetric Theory at the LHC
We have introduced the minimal left-right symmetric theory with Majorana neutrinos
and have studied the theoretical properties. Now, we have to ask: How can we test this
theory?
In the last section, we already compared the branching ratios of the new heavy gauge
bosons W±R and Z
′ in the minimal left-right symmetric theory with Majorana neutrinos
to the standard left-right symmetric theory with Higgs triplets and heavy right-handed
neutrinos. However, since the leptonic decays are subdominant, the partial widths of
the new heavy gauge bosons W±R and Z
′ would have to be measured very precisely to
discriminate the models.
As the theory predicts Majorana neutrinos, it breaks lepton number by two units. The
standard LHC signature of lepton number violation by two units in left-right symmet-
ric theories is same-sign dileptons with two accompanying jets [90]. However, since the
minimal left-right symmetric theory with Majorana fermions predicts light right-handed
Majorana neutrinos the decay length of νR is too large to observe such total lepton number
violation at the LHC [67, 91]. These long decay lengths are however an opportunity for
the future SHiP experiment at CERN [92]. SHiP will be able to test the interesting region
of GeV right-handed neutrinos νR and TeV right-handed currents WR. Neutrinoless dou-
ble beta decay which is an experimental test of lepton number violation by two units is
unfortunately also suppressed for light right-handed Majorana neutrinos [93].
Nevertheless, we can search for the family lepton number violation of δ+ at the LHC.
The charged scalar singlet δ+ which generates the Majorana neutrino mass at the quantum
level violates family lepton number via the couplings λL`L`Lδ+ and λR`R`Rδ+ in the
Lagrangian (2.20). We can produce the charged scalar singlet δ+ at the LHC via the
Drell-Yan process
pp→ γ, Z, Z ′ → δ+δ− .
The charged scalar singlet δ+ mixes with the other singly charged scalars Φ+1 , Φ
+
2 , h
+
L
and h+R of the theory. Due to this mixing the charged scalar singlet δ
+ could not only
decay to leptons, but also to quarks. However, since the couplings λ1HTL iσ2ΦHRδ
− and
λ2H
T
L iσ2Φ˜HRδ
− which are responsible for the mixing of the charged scalar degrees of
freedom also enter the generation of the Majorana neutrino mass, we expect the couplings
λ1 and λ2 to be small and thus the mixing to be small. As a consequence, the charged
scalar singlet δ+ will dominantly decay leptonically. At the LHC, we can then search for
the process
pp→ γ, Z, Z ′ → δ+δ− → e+i e−j EmissT .
The only Standard Model background which can mimic two leptons of different flavor
and missing transverse energy in the final state is WW production where subsequently
the Standard Model W decays leptonically. However, we can evade this background
by applying a cut on the charged leptons transverse momentum peT where we require
peT > MW [94].
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The partonic production cross section of the charged scalar singlet is given by
σ(q¯q → δ+δ−)(sˆ) = NC(sˆ− 4M
2
δ )
3
2
12pi
√
sˆ
(|V q|2 + |Aq|2) , (2.41)
with
V q =
e2Qq
sˆ
+
V qZaZ
sˆ−M2Z + iΓZMZ
+
V q
Z′aZ′
sˆ−M2
Z′ + iΓZ′MZ′
, (2.42)
Aq =
AqZaZ
sˆ−M2Z + iΓZMZ
+
Aq
Z′aZ′
sˆ−M2
Z′ + iΓZ′MZ′
. (2.43)
We defined sˆ = sτ as the partonic center-of-mass energy and NC as the number of colors
in the Standard Model. Furthermore, ΓZ is the total decay width of the Z boson and ΓZ′
the total decay width of Z ′ . The Feynman rules which define the couplings in equation
(2.42) and (2.43) are given in the Appendix 7.4. The hadronic cross section at a proton-
proton collider with center-of-mass energy s can then be computed by evaluating
σ(pp→ δ+δ−)(s) =
∫ 1
τ0
dτ
dLppq¯q
dτ
σ(q¯q → δ+δ−)(sˆ) , (2.44)
with the parton luminosity defined as
dLppq¯q
dτ
=
∫ 1
τ0
dx
x
[
fq¯/p (x, µ) fq/p
(τ
x
, µ
)
+ fq¯/p
(τ
x
, µ
)
fq/p (x, µ)
]
, (2.45)
and threshold τ0 = 4M2δ /s.
In Figure 2.3, we show the δ+δ− production cross section at the LHC with center-of-
mass energy
√
s = 13 TeV as a function of the charged scalar singlet mass Mδ. We
used the MSTW 2008 proton distribution functions [95] to calculate the hadronic cross
section. As the theory approaches the resonant regime MZ′ ∼ 2Mδ, the δ+δ− production
cross section increases significantly and makes the theory testable at the LHC.
We can further calculate the number of events expected for the final state e+i e
−
j E
miss
T
N(pp→ e+i e−j EmissT ) = σ(pp→ δ+δ−) BR(δ+ → eiν) BR(δ− → ν¯ej)L , (2.46)
where L is the measured luminosity. Figure 2.4 shows isocurves of number of events
N(pp→ e+i e−j EmissT ) at a proton-proton collider with
√
s = 13 TeV and L = 50 fb−1. We
observe that for Mδ < 800 GeV and a leptonic branching BR(δ+ → e¯ν) > 0.6, we would
be able to detect more than 100 events.
We also show contours of constant expected number of events of pp → e+i e−j EmissT in
the Mδ −MZ′ mass plane in Figure 2.5. As the mass of the charged scalar singlet Mδ
decreases, the number of observed events becomes more and more independent of the
neutral gauge boson mass MZ′ . This is due to the fact that the δ
+δ− production is now
dominantly mediated by the Standard Model gauge bosons Z and γ. If the charged scalar
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Figure 2.3: The δ+δ− production cross section at a proton-proton collider with center-of-
mass energy
√
s = 13 TeV as a function of Mδ.
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Figure 2.4: Contours of the expected number of events of the process pp → e+i e−j EmissT
at a proton-proton collider with
√
s = 13 TeV and collected luminosity L =
50 fb−1. Black lines correspond to MZ′ = 4.5 TeV and red lines represent
MZ′ = 3.6 TeV.
37
2 Minimal Extensions guided by Symmetries
N = 100
N = 200
N = 500N = 1000
N = 2000
L = 50 fb-1
            s = 13 TeV
            s = 14 TeV
200 400 600 800 1000
3000
3500
4000
4500
5000
M∆ @GeVD
M
Z'
@G
eV
D
Figure 2.5: Contours of expected number of events of pp→ e+i e−j EmissT at a proton-proton
collider in the Mδ −MZ′ mass plane.
singlet is heavy, Mδ > 800 GeV, the neutral gauge boson mass has to be below 4 TeV
to have a sizable number of events at the LHC with a collected luminosity of L = 50
fb−1. The rise in the number of events for MZ′ < 4 TeV is due to the Z
′ resonance in the
production cross section σ(pp→ δ+δ−) (see Figure 2.3).
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2.1.4 Summary
In this section, we discussed left-right symmetric theories. We first stressed the fact
that the left-right symmetric theory with the minimal number of propagating degrees of
freedom predicts Dirac neutrinos. However, to realize the appealing idea of Majorana
fermions, we introduced the minimal left-right symmetric theory with Majorana neutri-
nos. The left-right symmetry GLR is broken to the Standard Model gauge symmetry GSM
by the Higgs doublet HR. Furthermore, the Majorana neutrino masses are generated at
the one-loop level via a new singly charged scalar field δ±. Strikingly, the theory predicts
light right-handed Majorana neutrinos.
As a consequence, the decay channel W+R → e¯νR is open and the leptonic branch-
ing ratio of WR is larger as compared to the standard left-right symmetric theory with
Higgs triplets and heavy right-handed neutrinos. Due to the light right-handed Majorana
neutrinos, the usual searches for lepton number violation by two units at the LHC are
inapplicable as the decay length of νR is too long. The charged scalar singlet δ± however
also induces family lepton number violation. We can probe the family lepton number
violation at the LHC by searching for the process pp → δ+δ− → e+i e−j EmissT . The lepton
flavor violation can also be tested in rare processes such as µ → eγ and µ → e conver-
sion, as discussed in [96]. For more details on the minimal left-right symmetric theory
with Majorana neutrinos the interested reader is directed to the master thesis of Clara
Murgui [97].
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2.2 Minimal Theory of Leptobaryons
Baryon and lepton number are accidental global symmetries of the Standard Model of
particle physics. However, when considering a theory which combines the three funda-
mental forces of the Standard Model with gravity, it is assumed that these global sym-
metries are broken [98, 99]. If a black hole carries the global baryon charge QB, it will
still carry the global baryon charge QB after Hawking radiation [100, 101] shrank the
black hole to a quantum black hole of Planck scale size. However, the upper bound of
the Bekenstein entropy limits the amount of information a black hole of a given size can
carry [102, 103]. If QB is therefore a large quantity, which we would assume since a
collapsing star consists dominantly of baryonic matter, the information provided by QB
violates the Bekenstein entropy bound [104]. We would therefore conclude that there are
no global symmetries in a theory of quantum gravity.
We further observe experimentally that the proton is an extremely stable particle where
the current lower bounds on the proton lifetime are of the order τp & O(1034 yrs.) [105].
Conventional Grand Unified Theories (GUTs) such as SU(5) and SO(10) generically
predict proton decay [106, 107, 108, 109] by combining baryons and leptons in the same
multiplets. As a consequence, these theories can only be realized at extremely high scales.
The energy scale of GUTs is considered to be MGUT ∼ 1014−16 GeV. As a result, no
new physics is expected between the electroweak scale (∼ 102 GeV) and the GUT scale
(∼ 1014−16 GeV). This paradigm is known as the great desert [110].
We intent to change this frustrating picture by stabilizing the proton similarly to how
the electron is stabilized by electrodynamics. Consequently, we introduce two new fun-
damental interactions. We promote the global baryonic and leptonic symmetries to local
symmetries [111, 112, 113, 114, 3]
GBL = SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)B ⊗ U(1)` . (2.47)
Ad hoc, this theory is not anomaly free. In the Standard Model with three right-handed
neutrinos νR, we still find the non-vanishing anomalies [111]
A(SU(2)2L ⊗ U(1)B) =
3
2
, A(U(1)2Y ⊗ U(1)B) = −
3
2
,
A(SU(2)2L ⊗ U(1)`) =
3
2
, A(U(1)2Y ⊗ U(1)`) = −
3
2
. (2.48)
New fermionic degrees of freedom in addition to the three right-handed neutrinos νR have
to be introduced to the Standard Model to cancel these anomalies. The minimal number
of new multiplets required to have a consistent gauge theory is four. These new fields are
called "leptobaryons" [3] since they carry baryon and lepton number but no color and are
given by
ΨL ∼ (1, 2, 1/2, 3/2, 3/2) , ΨR ∼ (1, 2, 1/2,−3/2,−3/2) ,
ΣL ∼ (1, 3, 0,−3/2,−3/2) , χL ∼ (1, 1, 0,−3/2,−3/2) . (2.49)
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Apart from the photon and the gluon we do not observe any other massless gauge
boson. The gauge groups U(1)B and U(1)` are therefore broken by the Higgs-Englert
mechanism [13, 14, 15]. The two additional scalar fields are denoted by
HB ∼ (1, 1, 0, 3, 3) and HL ∼ (1, 1, 0, 0, 2) , (2.50)
with the vacuum expectation values defined as
〈HB〉 = vB√
2
and 〈HL〉 = vL√
2
. (2.51)
It is important to note that in this minimal model, the baryon numbers of the leptobaryons
and HB are completely determined and there is no freedom in choosing the baryonic
charge as in contrast to the model proposed in [114].
The most general interactions of the leptobaryons are
−L ⊃ h1Ψ¯RHχL + h2H†ΨLχL + h3H†ΣLΨL + h4Ψ¯RΣLH
+ yΨ Ψ¯RΨLH
∗
B + yχ χLχLHB + yΣ Tr Σ
2
LHB
+Yν `LHν
c + λR ν
cνcHL + h.c., (2.52)
where the right-handed neutrinos are denoted by νc = (νR)c and the Standard Model
Higgs is given by H ∼ (1, 2, 1/2, 0, 0). The baryonic gauge boson ZB acquires the mass
MZB = 3gBvB , (2.53)
upon the spontaneous breaking of U(1)B. The mass of the leptobaryons is given by
mΨ,Σ,χ =
yΨ,Σ,χ√
2
vB , (2.54)
for negligible couplings h1, h2, h3, h4 → 0. We will comment on the naturalness of this
limit in section 2.2.1.
We have motivated gauging baryon number by stabilizing the proton and thus explain-
ing the huge lower bound on the proton lifetime. However, since no long-range baryonic
interactions are observed, the gauge symmetry has to be broken. Thus, we have to make
sure that we do not reintroduce proton decay. The baryonic scalar field HB which breaks
local baryon number spontaneously carries baryon charge BHB = 3 and therefore only
introduces ∆B = ±3 interactions. The first higher order operator which mediates proton
decay is hence given by
Oproton = cB
Λ15B
(QLQLQL`L)
3H∗B . (2.55)
Due to the enormous suppression of Λ−15B , we can break local baryon number at the elec-
troweak scale and still be in agreement with the measured bounds on the proton lifetime.
Note that we gauged baryon and lepton number. By adding three right-handed neutri-
nos νR to the Standard Model, we symmetrized the anomalies in equation (2.48). Thus,
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by constructing a consistent anomaly free theory for baryon number, we automatically
construct a consistent anomaly free theory for lepton number by assigning the same lep-
ton number as baryon number to the new fermions. In the following, we will assume that
U(1)` is broken at a higher scale than U(1)B hence that vL  vB. As a consequence, we
neglect the new heavy gauge boson ZL associated with the broken U(1)` gauge symmetry
and the leptonic scalar HL. Gauged lepton number was studied in [115, 116].
Baryon Asymmetry with Gauged Baryon Number
It is puzzling that there is more matter than anti-matter in the Universe. During the Big
Bang and inflation matter and anti-matter should have been created in the same amounts
and all dependence on the initial conditions washed out. Sakharov discovered very early
three necessary conditions [117] to create the observed matter anti-matter asymmetry in
the Universe:
1. Departure from thermal equilibrium,
2. C and CP violation,
3. Baryon number violation.
How can we satisfy the third condition when promoting baryon number to a local sym-
metry?
By assuming that U(1)` is broken at a higher scale than U(1)B, we can create an initial
(B−L) asymmetry in the early Universe via the decays of the heavy right-handed neutri-
nos νR. This mechanism is also known in leptogenesis [118, 119]. The non-perturbative
Standard Model sphaleron process is modified due to the new gauge symmetry and the
presence of additional fermions with non-trivial SU(2)L charge. The ’t Hooft vertex takes
the form
O’t Hooft = (QLQLQL`L)3Ψ¯RΨLΣ4L . (2.56)
The modified sphalerons which conserve baryon number transfer the initial (B−L) asym-
metry to a final baryon asymmetry in the early Universe. The transfer coefficient was
calculated in [3] which was part of the author’s master thesis
∆BSMf =
32
99
∆(B − L)SM ≈ 0.32 ∆(B − L)SM , (2.57)
where ∆(B−L)SM is the initial (B−L) asymmetry and ∆BSMf is the final baryon number
asymmetry. To compare, the known Standard Model transfer coefficient which is given
by [120]
∆BSMf =
28
79
∆(B − L)SM ≈ 0.35 ∆(B − L)SM , (2.58)
differs only slightly.
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Electroweak Observables of Gauged Baryon Number
As in any new theory, we have to make sure that the proposed new particles are not in
conflict with the existing precision measurements of the Standard Model. The electroweak
oblique parameters [121, 122] for example quantify corrections to the electroweak gauge
boson propagators due to new physics. The decoupling theorem however states [123] that
new vector-like fermions contribute to the oblique parameters as 1/Λ2BSM, where ΛBSM
is the mass scale of the new vector-like fermions. For vanishing Yukawa couplings to
the Standard Model Higgs (h1, h2, h3, h4 → 0) the leptobaryons become vector-like such
that contributions to the electroweak oblique parameters are negligible [124]. See section
2.2.1 for a comment on the naturalness of this limit.
We further assume that there is no kinetic mixing of ZµB and B
µ. Hence, there are
no corrections to the electroweak ρ-parameter which measures the relative strength of
charged and neutral currents in the Standard Model [125].
The scalar potential for H and HB is given by
V (H,HB) =− µ2H†H + λ(H†H)2 − µ2BH∗BHB
+ b(H∗BHB)
2 + aH†HH∗BHB . (2.59)
The portal term aH†HH∗BHB introduces a mixing of the Standard Model Higgs H and
the baryonic Higgs HB. Constraints on the signal strength measurements of the Standard
Model Higgs at the LHC [126] give
|θ| . 0.35 , (2.60)
where θ is the mixing angle of H and HB. The mixing angle θ is defined as(
h′
h′B
)
=
(
cos θ sin θ
− sin θ cos θ
)(
h
hB
)
, where − pi
4
< θ < pi
4
, (2.61)
with
HT =
(
h±, 1√
2
(v + h′ + iφ0)
)
,
HB =
1√
2
(vB + h
′
B + iφB) ,
(2.62)
and v = 246 GeV [127].
We will assume a small mixing angle for our phenomenological study to be consistent
with the LHC constraint (2.60). Because the mixing angle is derived from the marginal
operator H†HH∗BHB it is only logarithmically sensitive to UV physics. In the low energy
leptobaryon theory considered here, radiative corrections at the one-loop level are pro-
portional to itself. The independent renormalization begins at the two-loop level with the
process shown in Figure 2.6. We conclude that it is reasonable to consider small mixing
of H and HB and that it is further stable against quantum corrections.
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Figure 2.6: Quantum loop contributing to the Higgs mixing angle θ.
Leptobaryon Mass Bound
As is well known in the literature, the top quark potentially destabilizes the vacuum
of the Standard Model Higgs because the top quark is heavier than the Standard Model
Higgs [128]. Similarly, the leptobaryons will destabilize the scalar potential in the direc-
tion of HB if the mass scale of the leptobaryons is much larger than the mass of HB.
We approximate this effect by solving the one-loop MS renormalization group equation
for the quartic baryonic Higgs self-coupling
µ
db
dµ
=
1
16pi2
[− 4y4ψ − 3y4Σ − y4χ + 2a2 + 486g4B
+ 2b(−54g2B + 4y2ψ + 3y2Σ + y2χ) + 20b2
]
, (2.63)
with the initial conditions at the scale µ0 = (MHB +MZB)/2 taking the form
yΨ,Σ,χ = 3
√
2gB
mΨ,Σ,χ
MZB
and b0 =
9g2B
2
M2HB
M2ZB
. (2.64)
We now demand self-consistency on the theory by requiring that the quartic self-coupling
b does not become negative at mass scales below the leptobaryon masses mΨ,Σ,χ [2].
To derive an upper bound on the leptobaryon masses mΨ,Σ,χ, we simplify the differen-
tial equation (2.63) by assuming that the leptobaryon masses are degenerate, yΨ = yΣ =
yχ, and by neglecting the running of all other couplings in equation (2.63). This is jus-
tified by the low scale at which the quartic self-coupling b becomes negative. We then
find
µ
db
dµ
' − 1
2pi2
y4Ψ , (2.65)
which we can solve for the condition b(µ = mΨ,Σ,χ) = 0. The quartic self-coupling of
the baryonic Higgs b thus vanishes at the mass scale of the leptobaryons for
mΨ,Σ,χ =
√
piMZBMHB
3gB
1
W (x)
1
4
with x =
16pi2M2ZBM
2
HB
9g2B(MHB +MZB)
4
, (2.66)
whereW (x) is the LambertW function. The LambertW function is bounded from above,
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W (x) . 2 for x . 20, such that we find the theoretical upper bound
mΨ,Σ,χ . 0.86
√
MZBMHB
gB
, (2.67)
on the leptobaryon masses to have a stable vacuum. We can infer from equation (2.67)
that the leptobaryon masses should be of the same order of magnitude as the baryonic
gauge boson mass MZB and the baryonic Higgs mass MHB unless the gauge coupling gB
is extremely small.
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Figure 2.7: Mass spectrum of the minimal theory of leptobaryons considered in this study.
2.2.1 Leptobaryons as Dark Matter
Apart from solving the consistency problems of global baryon number and theories of
quantum gravity, the minimal theory of leptobaryons has the advantage of introducing a
dark matter candidate in addition to stabilizing the proton. Analyzing the Lagrangian in
equation (2.52), we observe that after breaking U(1)B spontaneously there still remains a
remnant Z2 symmetry in the leptobaryon sector
(Z2)DM : Ψ→ −Ψ , Ψ→ −Ψ , ~Σ→ −~Σ , χ→ −χ . (2.68)
Note that this symmetry is not forced on the theory artificially but emerges automatically
from the gauge symmetry structure. The accidental Z2 symmetry secures that the lightest
leptobaryon is a stable particle. Here, we assume that the lightest leptobaryon is the
Standard Model singlet Majorana fermion χ. Thus, χ is a potential dark matter candidate.
In the following, we assume a mass spectrum of the theory as shown in Figure 2.7.
The leptobaryons Σ and Ψ can decay to χ via the emission of Higgs quanta. Note that
we assumed the couplings h1, h2, h3, and h4 to be negligibly small to avoid constraints
from the electroweak oblique parameters as discussed in the previous section. This is
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technically natural because in the limit h1, h2, h3, h4 → 0 the Lagrangian (2.52) gains the
discrete symmetry
(Z2)Ψ : Ψ→ −Ψ and Ψ→ −Ψ ,
(Z2)Σ : ~Σ→ −~Σ ,
(Z2)χ : χ→ −χ . (2.69)
Nevertheless, we require the couplings to be non-vanishing such that Σ and Ψ can de-
cay to χ in the early Universe. The electroweak self-energies induce a mass splitting
in the leptobaryon multiplets such that the charged components can decay to the neutral
components of the multiplets via pion emission [129].
As a side remark, we would like to mention that in principle Σ0 and Ψ0 could also
contribute to the dark matter relic density such that we would find multicomponent dark
matter. For multicomponent dark matter to be feasible, the leptobaryons would either
have to be mass degenerate or the Yukawa couplings h1, h2, h3, and h4 would have to
vanish. However, in the next section we will focus on the phenomenology of the sole
Majorana dark matter candidate χ.
Dark Matter Relic Density
We assume that in the early hot and dense Universe, all particles were in thermal equi-
librium. As the Universe expands and cools down, the heavier particles start to freeze-
out as the temperature drops below their mass. The heavier leptobaryons will decay to
the lightest leptobaryon χ. However, as the temperature drops below the mass of χ the
remnant Z2 symmetry in the leptobaryon sector forbids any further decays. The relic
abundance of χ today is therefore fixed by its freeze-out temperature Tf .
To calculate today’s dark matter relic abundance of χ, we have to solve the Lee-
Weinberg equation [130]
dY
dx
= Z(x)
(
Y 2eq(x)− Y 2(x)
)
, (2.70)
with Y (x) = n(s)/s(x) where n(x) is the dark matter number density and s(x) is the
entropy density. Furthermore, we defined x = mχ/T and
Z(x) =
√
pi
45
mχMPl
x2
(√
g∗〈vMolσ〉(x)
)
. (2.71)
The thermally averaged cross section is given by [131]
〈vMolσ〉(x) =
∫ ∞
4mχ
ds σ(s)
√s(s− 4m2χ)K1(x√smχ )
8m5χK
2
2(x)
x , (2.72)
with K1 and K2 being the modified Bessel functions of the second kind. We use the full
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thermally averaged cross section because the phenomenologically interesting region of
parameter space will depend on the threshold and resonance behavior of the dark matter
annihilation cross section. The equilibrium distribution of the number density is
Yeq(x) =
45
4pi4
gχ
g∗
x2K2(x) , (2.73)
with gχ = 2 the internal degrees of freedom of the Majorana fermion χ and g∗ the rela-
tivistic degrees of freedom where the temperature dependence of g∗ is neglected.
To solve the Lee-Weinberg equation, we rewrite the differential equation (2.70) in terms
of the difference of the true number density and the equilibrium number density, ∆(x) =
Y (x)− Yeq(x), and find
d∆(x)
dx
+
dYeq(x)
dx
= −Z(x)
(
∆2(x) + 2∆(x)Yeq(x)
)
. (2.74)
We define the freeze-out temperature Tf as the temperature where ∆(x) = δ ·Yeq(x) with
δ a fixed order one number and thus are left with
1
Y 2eq(x)
dYeq(x)
dx
= −Z(x)δ(δ + 2)
δ + 1
∣∣∣∣
x=xf
. (2.75)
For large x, the modified Bessel functions with |arg(x)| < 3pi/2 can be approximated by
K1,2(x) '
√
pi
2x
e−x , (2.76)
and hence we get
Yeq(x) =
45
4
√
2pi
7
2
gχ
g∗
x
3
2 e−x . (2.77)
Using the large x expansion and plugging this result into the above equation gives
xf ' log
(
δ(δ + 2)
δ + 1
√
45
32
gχmχMPl〈vMolσ〉(xf )
pi3
√
g∗xf
)
, (2.78)
which can be solved numerically.
After the dark matter decouples, we can neglect Yeq(x) in the Lee-Weinberg equation
and are left with
dY (x)
dx
= −Z(x)Y 2(x) . (2.79)
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This differential equation can be solved analytically and has the solution [132]
Y (x0) =
Y (xf )
1 + Y (xf )
∫ x0
xf
Z(x)dx
. (2.80)
We further numerically approximate the solution to
Y (x0) ' 1∫ x0
xf
Z(x)dx
, (2.81)
and then find today’s dark matter relic density to be given by
ΩDM =
mχs0
ρc
Y (x0) , (2.82)
with s0 = 2970 cm−3 and ρc = 1.05394 · 10−5h2GeV/cm3.
Hence, the freeze-out temperature which determines today’s dark matter relic density
crucially depends on the dark matter annihilation cross section. If the dark matter anni-
hilates too violently, no dark matter can survive until today. However, if the dark matter
annihilates too slow, too much dark matter would populate the Universe. We therefore
have to analyze the annihilation properties of χ carefully to see if it truly is a proper dark
matter candidate.
The possible annihilation channels in the limit of no scalar mixing, θ → 0, are
χχ→ q¯q, ZBHB, ZBZB, HBHB .
The corresponding Feynman diagrams with the leading partial wave contributions are
shown in Figure 2.8. Note that because χ is a Majorana fermion it only couples via
an axial coupling to the baryonic gauge boson ZB. As a consequence, the s-channel
annihilation χχ → ZB → q¯q is velocity suppressed. Only the annihilation channels
χχ→ ZBZB, ZBHB with an incoming S-wave in Figure 2.8 are not velocity suppressed.
In Figure 2.9, we show the dark matter relic abundance today as a function of the dark
matter mass mχ for fixed MZB , MHB , αB, and θ to demonstrate the general behavior.
Thereby, we defined the baryonic coupling strength as
αB =
g2B
4pi
. (2.83)
The horizontal red line corresponds to the observed dark matter relic abundance by Planck,
ΩDMh
2 ' 0.12 [20]. We see that there are basically two regions which can satisfy the ob-
served relic abundance. In the following, we will divide the dark matter discussion of χ
in a resonant and non-resonant annihilation regime. In the resonant regime, the velocity
suppressed s-channel annihilation χχ → ZB → q¯q is the dominant annihilation channel.
For this annihilation channel to be effective, the mass of the dark matter candidate χ has to
be close to half the mass of the baryonic gauge boson ZB, mχ 'MZB/2. Hence, the dark
matter in the resonant regime will be relatively light. In the non-resonant regime the dom-
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Figure 2.8: Dark matter annihilation channels in the limit of vanishing scalar mixing, θ →
0, with lowest non-vanishing partial waves.
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Figure 2.9: Today’s dark matter relic abundance as a function of the dark matter mass
for fixed MZB , MHB , αB, and θ. The horizontal red line corresponds to the
measured abundance by Planck [20]. The blue and green dot indicate the dark
matter masses which correspond to our observed Universe. We will separate
our dark matter analysis in a resonant (blue dot) and non-resonant (green dot)
annihilation regime.
inant annihilation channels are the velocity unsuppressed channels χχ → ZBZB, ZBHB.
Note that we will find fairly heavy dark matter in this regime since we have to require
mχ &MHB 'MZB for the annihilation channels to be kinematically allowed.
Dark Matter Direct Detection
In principle, the dark matter phenomenology of the minimal theory of leptobaryons
depends on five free parameters
MZB , MHB , mχ, αB, θ . (2.84)
Apart from the constraint on the dark matter abundance, we can also apply the constraints
from direct detection experiments such as XENON1T [42] to further confine the allowed
parameter space. The processes contributing to the spin-independent dark matter-nucleon
scattering are shown in Figure 2.10. We again include the leading partial wave contribu-
tion to show that the gauge boson mediated scattering is velocity suppressed due to the
Majorana nature of χ. The cross section for the gauge boson mediated scattering is given
by
σSI(ZB) = 18piα
2
B
3m2N
M4ZB
v2DM , (2.85)
where mN is the nucleon mass, vDM is the effective dark matter velocity given by vDM =
0.0093c [2] and we are considering the regime mχ  mN .
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Figure 2.10: The processes contributing to the spin-independent dark matter-nucleon
scattering with lowest non-vanishing partial waves. The gauge boson ex-
change is velocity suppressed. Whereas, the Higgs exchange is mixing angle
suppressed.
The Higgs mediated scattering is mixing angle suppressed. To calculate the scattering
of χ with a nucleon N via the exchange of the baryonic Higgs HB, we use the effective
Lagrangian
LDDeff = fqmqχχq¯q + fGχχGaµνGaµν , (2.86)
where
fq =
gBBHBsin(θ)cos(θ)mχ
2MZBvH
M2HB −M2H
M2HBM
2
H
, (2.87)
and
fG = −αsgBBHBsin(θ)cos(θ)mχ
24piMZBvH
M2HB −M2H
M2HBM
2
H
∑
a=c,b,t
ca , (2.88)
with ca = 1+ 114piαs(ma) andBHB the baryon number ofHB. In the low energy limit where
the initial velocity vanishes, |~pi| = 0, and thus also the transferred momentum vanishes,
the scattering amplitude is given by
iM = 2ifqu¯(pχ)u(pχ)
∑
q
mq〈N |q¯q|N〉+ 2ifGu¯(pχ)u(pχ)〈N |GaµνGaµν |N〉
= 4ifqm
2
N u¯(pχ)u(pχ)
[∑
q
mq
mN
〈N˜ |q¯q|N˜〉
+
2
27
(
1−
∑
q
mq
mN
〈N˜ |q¯q|N˜〉
) ∑
a=c,b,t
ca
]
, (2.89)
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where we used lattice conventions |N〉 = √2mN |N˜〉 [133] and
1
mN
〈N˜ |GaµνGaµν |N˜〉 = −
8pi
9αs
(
1−
∑
q
mq
mN
〈N˜ |q¯q|N˜〉
)
. (2.90)
For the spin-independent direct detection cross section we therefore find
σSI(H, HB) =
8√
2
GFαBB
2
HB
sin2(θ)cos2(θ)m4χm
4
N
(mχ +mN)2M2ZB
(M2HB −M2H)2
M4HBM
4
H
×
∣∣∣∣∣∑
q
mq
mN
〈N˜ |q¯q|N˜〉+ 2
27
(
1−
∑
q
mq
mN
〈N˜ |q¯q|N˜〉
) ∑
a=c,b,t
ca
∣∣∣∣∣
2
,
(2.91)
where 1/v2 = 4GF/
√
2 was used. From lattice calculations we take as input [133] cc =
1.32, cb = 1.19, ct = 1, and∣∣∣∣∣∑
q
mq
mp
〈N˜ |q¯q|N˜〉+ 2
27
(
1−
∑
q
mq
mp
〈N˜ |q¯q|N˜〉
) ∑
a=c,b,t
ca
∣∣∣∣∣ = 0.3155 , (2.92)∣∣∣∣∣∑
q
mq
mn
〈N˜ |q¯q|N˜〉+ 2
27
(
1−
∑
q
mq
mn
〈N˜ |q¯q|N˜〉
) ∑
a=c,b,t
ca
∣∣∣∣∣ = 0.31772 . (2.93)
The total spin-independent direct detection cross section is then given by
σSI = σSI(ZB) + σSI(H, HB) . (2.94)
Note that there is no interference term due to the different contributing partial waves.
Resonant Dark Matter
We will first discuss the resonant dark matter regime. The dark matter annihilation is
governed by the process χχ→ ZB → q¯q with the annihilation cross section given by
σres = 9piαB
√
1− 4m
2
χ
s
MZBΓZBBr(ZB →
∑
q¯q)
(s−M2ZB)2 +M2ZBΓ2ZB
. (2.95)
The partial decay widths of the leptophobic gauge boson ZB are given in the Appendix
7.5. Note that we neglect the process χχ → H, HB → q¯q since it is mixing angle and
velocity suppressed. This further has the advantage that the annihilation cross section is
then independent of the baryonic Higgs mass MHB and the scalar mixing angle θ as can
be inferred from equation (2.95). We will therefore restrict ourselves to the regime of zero
scalar mixing (θ → 0). Moreover, the spin-independent dark matter-nucleon scattering is
now mediated by the gauge boson exchange which is given by equation (2.85). We are
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Figure 2.11: Contours of constant MZB (brown, in GeV) and αB (red) in the mχ-σSI plane
in agreement with the measured dark matter abundance (ΩDMh2 = 0.12)
and in the limit θ → 0. The upper right region is excluded because large
non-perturbative coupling constants are required to satisfy the dark mat-
ter density constraints. We show the current limit on direct detection by
XENON1T [134] (black, solid) and the projected limit by XENONnT [43]
(black, dashed).
thus left with only three independent parameters (MZB , mχ, αB) for the discussion of the
resonant dark matter scenario.
To constrain the allowed parameter space, we can invert the direct detection cross sec-
tion to find the baryonic coupling strength αB as a function of the baryonic gauge boson
mass MZB and spin-independent dark matter-nucleon scattering cross section σSI
αB(MZB , σSI) =
M2ZB
αBmNvDM
√
σSI
54pi
. (2.96)
Inserting equation (2.96) into equation (2.95), we can then numerically determine MZB
for a fixed dark matter mass mχ such that the Majorana fermion χ saturates the observed
dark matter relic density. In Figure 2.11, we show the contours of constant MZB in brown
in GeV and contours of constant αB in red consistent with the observed dark matter relic
abundance in the mχ-σSI plane.
For light baryonic gauge bosons, MZB . 1250 GeV, the dark matter relic abundance
fixes the dark matter mass mχ. Thus, the brown contours show the narrow resonance
behavior already observed in Figure 2.9. We always find mχ < MZB/2 because we
chose the lower dark matter mass of the resonance peak (blue dot in Figure 2.9) for our
analysis. We can exclude the shaded region in the upper right corner of Figure 2.11
because large non-perturbative coupling constants are needed to satisfy the dark matter
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relic abundance constraints. The current limit from XENON1T [134] and the projected
limit for the XENONnT experiment [43] are shown in black in Figure 2.11. The current
direct detection limit from XENON1T probes dark matter with mχ . 300 GeV. The
XENONnT experiment can then rule out dark matter with mχ . 600 GeV and coupling
constants αB & 0.05.
Non-Resonant Dark Matter
We now turn to the non-resonant dark matter scenario. The dominant velocity unsup-
pressed annihilation channels are χχ→ ZBHB, ZBZB. The thermally averaged annihila-
tion cross sections of these two channels are given by
〈vσ(χχ→ ZBSB)〉 = 81α
2
Bpicos
2θ
64m4χM
4
ZB
λ(4m2χ,M
2
ZB
,M2HB)
3/2 , (2.97)
〈vσ(χχ→ ZBZB)〉 = 81piα
2
B
4mχ
(m2χ −M2ZB)3/2
(M2ZB − 2m2χ)2
, (2.98)
with λ(a, b, c) = a2 + b2 + c2 − 2ab− 2ac− 2bc. In contrast to the resonant dark matter
scenario, the annihilation cross sections depend on all five free parameters given in (2.84).
The upper limit on the scalar mixing angle from the Higgs signal strength measure-
ments at the LHC suggests a small mixing angle (see equation (2.60)). We will therefore
start with an analysis in the limit θ → 0. Later, we will see that this is a reasonable initial
starting point.
In the limit θ → 0, we can fix the parameters MZB , MHB , and αB and determine mχ
such that it saturates the observed dark matter relic abundance. Contours of constant
dark matter mass in GeV (black) for fixed MHB = 1000 GeV (upper panel) and fixed
αB = 0.001 (lower panel) are shown in Figure 2.12. The bounds from direct detection are
now used to derive an upper bound on the scalar mixing angle θ.
The dominant contribution to the dark matter-nucleon scattering in this scenario is
the velocity unsuppressed Higgs exchange. The direct detection cross section is there-
fore mixing angle suppressed. For a fixed dark matter mass mχ, we can hence derive
the maximal mixing angle which is in agreement with the experimental constraints from
XENON1T [134]. Our approach is illustrated in Figure 2.13.
The upper bound on the scalar mixing angle is included in dashed blue contours in Fig-
ure 2.12. We see that the derived limits on the mixing angle, |θ| . 0.05, are much stronger
than the constraints from the Higgs signal strength measurement at the LHC [126]. The
small mixing angles also justify our initial assumption of θ → 0 for the annihilation
processes.
In the upper panel, we observe that the dark matter massmχ required to saturate the ob-
served dark matter relic abundance increases as the coupling constant αB decreases. This
can be understood by consulting Figure 2.9 where the dark matter relic abundance in-
creases as the coupling constant αB is lowered because the dark matter annihilates slower.
The intersection point of the dark matter relic abundance and the observed abundance
(green dot in Figure 2.9) is shifted to heavier dark matter masses.
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Figure 2.12: Contours of constant dark matter mass mχ (black, in GeV) saturating the
observed dark matter relic abundance for fixed MHB = 1000 GeV (upper
panel) and fixed αB = 0.001 (lower panel) in the limit θ → 0. Upper bounds
on the scalar mixing angle θ are derived from the direct detection limit of
the XENON1T experiment [134] (blue, dashed). The upper bound on the
dark matter mass from requiring the vacuum in the direction of the baryonic
Higgs HB to be stable at energies below the dark matter mass (see equation
(2.67)) is shown in red. For fixed MHB = 1000 GeV (upper panel) the
constraints from dijet searches at the LHC (discussed in section 2.2.2) are
given in orange.
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Figure 2.13: The spin-independent direct detection cross section as a function of the dark
matter mass mχ for different scalar mixing angles θ and fixed MZB , HHB ,
and αB. For a given dark matter mass determined by requiring relic density
saturation (red line), we derive an upper bound on the scalar mixing angle by
considering the intersection of σSI with the XENON1T bound (black) [134].
Furthermore, in the lower panel, we see that the dark matter mass mχ increases as the
baryonic gauge boson mass MZB and baryonic Higgs mass MHB increase. This behavior
is expected as at least one of the annihilation channels χχ→ ZBZB, ZBHB, HBHB has to
remain open.
As the dark matter mass increases to satisfy the constraint on the observed dark matter
relic density, the upper limit on the dark matter mass from requiring the vacuum to be
stable in the direction of the baryonic Higgs HB at energies below the dark matter mass
becomes important. This consistency limit of the theory was discussed in section 2.2 and
is shown in Figure 2.12 as red line. In the region to the right of the red contour, the
vacuum becomes metastable at energies below the dark matter mass and new physics is
required to stabilize the theory.
Moreover, in the upper panel, we show the constraints from dijet searches at the LHC
which are discussed in the next section as orange line. The absence of dijet resonances
at the LHC generically forces the theory to smaller couplings to suppress the dijet pro-
duction. However, as the coupling constant αB decreases, the consistency condition of
no new physics below the dark matter mass to stabilize the scalar potential becomes im-
portant (see equation (2.67)) and requires MZB . 800 GeV. For baryonic gauge boson
masses MZB & 2000 GeV the LHC constraints weaken because of the limited center-
of-mass energy of
√
s = 13 TeV. Larger coupling constants αB & 0.005 are then still
allowed.
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2.2.2 Leptobaryons at the LHC
In this section, we discuss the discovery potential of the minimal theory of leptobaryons
at the LHC. As we learned in the last section, there are in principle two different regimes
which allow for the Majorana fermion χ to be a valid dark matter candidate. For our
LHC study of the minimal theory of leptobaryons, we will focus on the non-resonant dark
matter scenario because the masses of mχ and MZB are not as closely tuned as in the
resonant dark matter scenario. The allowed parameter space therefore suggests mχ &
MZB ,MHB . Because the Z2 symmetry (2.68) which stabilizes the lightest leptobaryon
requires that the leptobaryons have to be produced at least pairwise at the LHC, searching
for the dark matter candidate χ is challenging. It thus seems to be much more promising to
investigate the properties of the new gauge symmetry U(1)B and the symmetry breaking
mechanism at the LHC. As we will see, we can then still indirectly probe the quantum
numbers of the leptobaryons.
Baryonic Gauge Boson ZB at the LHC
The leptophobic gauge boson ZB can be produced at the LHC via the processes
pp→ ZB → jj, ZBHB .
We will first consider the dijet resonances and touch on the associated production in the
next section. In the mass range mχ & MZB , the baryonic gauge boson ZB will only
decay to quarks. Because the ZB only couples to baryon number it branches uniformly
to all quark flavors in the limit of negligible phase space factors. In order to confirm the
leptophobic nature of ZB, we thus have to search for resonances in the dijet channel with
the corresponding absence of dilepton resonances. For a given flavor of initial and final
state quarks the partonic cross section of the dijet production is given by
σˆ(q¯iqi → ZB → q¯fqf ) = 1
972pi
g4Bsˆ
(sˆ−M2ZB)2 +M2ZBΓZB
, (2.99)
where we assumed massless quarks and
√
sˆ is the partonic center-of-mass energy. The
total decay width of ZB in this scenario is given by ΓZB = g
2
BMZB/(6pi). The production
cross section of dijet resonances (2.99) only depends on the gauge coupling gB and the
baryonic gauge boson massMZB . We can therefore derive an upper bound on the coupling
gB as a function of MZB from the absence of dijet resonances at ATLAS [135, 136] and
CMS [137, 138, 139, 140]. The upper bound on gB as a function of MZB for different
experimental studies at the LHC is shown in Figure 2.14 where we used the MSTW 2008
parton distribution functions to calculate the hadronic cross section [95].
Apart from a small open window at MZB ∼ 1200 GeV, the LHC rules out leptophobic
gauge bosons with MZB . 2000 GeV for gB & 0.2. The upper bound on gB weakens
for larger baryonic gauge boson masses (MZB & 2500 GeV) because the center-of-mass
energy of the LHC is too small to probe this region effectively. We indicated with a dotted
box the non-resonant dark matter study of the upper panel of Figure 2.12. Additionally,
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Figure 2.14: Upper limit of gB as a function of the leptophobic gauge boson mass MZB
from the absence of dijet resonances at ATLAS [135, 136] and CMS [137,
138, 139, 140].
we also indicated with a gray dashed line αB = 0.001 which was fixed in the non-resonant
dark matter study in the lower panel of Figure 2.12. Note that the combination of the
derived upper limit of gB was used in the upper panel of Figure 2.12 to constrain the
non-resonant dark matter scenario.
As a side remark, if the decays ZB → χχ, Ψ¯Ψ, ΣΣ are allowed, they will dominate the
decay width of ZB since the leptobaryons have a larger baryon charge than the Standard
Model quarks. The different partial decay widths of ZB are given in the Appendix 7.5.
Baryonic Higgs HB at the LHC
The baryonic Higgs HB inherits the Standard Model Higgs production channels at the
LHC [141]. The relevant production channels are shown in Figure 2.15. The only ad-
ditional production channels compared to the Standard Model Higgs are the associated
production with a baryonic gauge boson and the new contribution to vector boson fusion
from the baryonic gauge boson ZB.
In the upper panel of Figure 2.16, we show the production cross section of the baryonic
Higgs HB at a proton-proton collider with center-of-mass energy
√
s = 14 TeV for fixed
αB, |θ|, and MZB as a function of the baryonic Higgs mass MHB . As for the Standard
Model Higgs, gluon fusion dominates the production at the LHC. However, vector boson
fusion becomes the dominant production process for MHB & 1150 GeV.
Moreover, in the lower panel of Figure 2.16, we display the HB production cross sec-
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Figure 2.15: The production channels of the baryonic Higgs HB at a proton-proton col-
lider. Vertices marked with θ are mixing angle suppressed. For vertices
marked with a square, one-loop contributions of the leptobaryons are taken
into account.
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tion at the LHC with
√
s = 14 TeV for fixed αB, MHB , and MZB as a function of the
mixing angle |θ|. Note that for small mixing angles (|θ| . 0.02) the associated pro-
duction with a baryonic gauge boson ZB is the leading contribution. In this limit, the
associated production can also become relevant for the dijet searches discussed in section
2.2.2. Furthermore, the current upper bound from direct detection experiments on the
scalar mixing angle (see section 2.2.1, |θ| . 0.05) suggests that we will be in the regime
of tiny mixing angles in the near future.
After producing the baryonic Higgs HB at the LHC, we have to study the decay pro-
file in order to identify it correctly. The tree-level partial decay widths of HB are given
in the Appendix 7.6. If kinematically allowed, the baryonic Higgs decays to pairs of
leptobaryons and leptophobic gauge bosons dominate
HB → χχ, Ψ¯Ψ,ΣΣ, ZBZB . (2.100)
Our dark matter analysis however suggests mχ & MHB such that the decay to lepto-
baryons is kinematically forbidden if we require the lightest leptobaryon χ to saturate the
observed dark matter relic abundance. If also the decay to baryonic gauge bosons ZB is
kinematically forbidden, we have to take one-loop processes into account to capture the
decay properties ofHB into Standard Model electroweak gauge bosons correctly for small
scalar mixing angles θ. The Feynman diagrams representing the mixing angle and loop
suppressed decays of the baryonic Higgs HB into electroweak gauge bosons W±, Z, and
γ are shown in Figure 2.17.
The leading contributions at the one-loop level come from the heavy leptobaryons
Ψ and Σ running inside the loop in Figure 2.17. In the following, we take the limit
mΨ,mΣ →∞ and calculate the effective couplings of the physical baryonic Higgs hB to
the electroweak gauge bosons W±, Z, and γ. We find the effective Lagrangian
LHBeff =
gB
8pi2MZB
∑
f
[
e2Q2f hBFµνF
µν +
g2L
cos2(θw)
(
T 3f −Qfsin2(θw)
)2
hBZµνZ
µν
+
2egL
cos(θw)
Qf
(
T 3f −Qfsin2(θw)
)
hBFµνZ
µν
]
+
gB
8pi2MZB
∑
F
[
g2Lc
(W )
F hBW
+
µνW
−µν
]
, (2.101)
with the first sum over the isospin components f = {ψ+, ψ0,Σ+,Σ0} and the second sum
over the entire multiplets F = {Ψ,Σ} where c(W )Ψ = 1 and c(W )Σ = 2. Here, θw is the
electroweak Weinberg angle, Qf is the electric charge and T 3f is the SU(2)L isospin of the
components ψ+, ψ0, Σ+, and Σ0. The branching of the baryonic Higgs HB as a function
of the scalar mixing angle |θ| for fixed αB, MHB , MZB , and mχ including the one-loop
contributions from the leptobaryons Ψ and Σ is then shown in Figure 2.18.
For large mixing angles, |θ| > 10−3, the mixing angle suppressed decays dominate and
the baryonic Higgs HB inherits the Standard Model Higgs decay modes apart from the
additional decay mode HB → HH . However, for smaller mixing angles, |θ| < 10−3,
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Figure 2.16: The production cross section of the baryonic Higgs HB at the LHC with a
center-of-mass energy
√
s = 14 TeV as a function of the baryonic Higgs
mass MHB (upper panel) and the scalar mixing angle |θ| (lower panel). The
hadronic production cross sections were computed with CalcHEP 3.4 using
the MSTW 2002 parton distribution functions [142]. Solid lines correspond
to θ > 0 whereas dashed lines are given by θ < 0. The processes contributing
to vector boson fusion (VBF) and associated production are given in Figure
2.15. The upper limit on the scalar mixing angle |θ| ≤ 0.35 from Higgs
signal strength measurements [126] is given by the vertical gray line in the
lower panel.
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Figure 2.17: Feynman graphs illustrating the loop suppressed (left) and mixing angle sup-
pressed (right) decays of the baryonic HiggsHB to electroweak gauge bosons
V, V ′ ∈ {W±, Z, γ}.
the loop suppressed decay channels start to become dominant and the HB decay profile is
significantly different compared to the Standard Model Higgs decay profile. The decay
channels HB → Zγ, γγ increase drastically for small mixing angles, whereas the decay
modes HB → HH, t¯t become irrelevant.
We can estimate the relative partial widths of HB in the limit θ → 0 by squaring the
effective couplings in equation (2.101) and taking into account a factor 1/2 for the ZZ
and γγ decay mode to respect the indistinguishability of the final state particles. The
relative branching ratios of the baryonic Higgs HB are then given by
ΓWW : ΓZZ : ΓZγ : Γγγ = 20 : 7 : 3 : 1 . (2.102)
We can compare the relative branching (2.102) to the relative branching of the leptobaryon
model discussed in [114]
ΓWW : ΓZZ : ΓZγ : Γγγ = 2 : 1 : 10
−3 : 1 . (model in [114]) (2.103)
Especially, the branching to Zγ is significantly increased in the minimal leptobaryon
model because of the presence of the SU(2)L triplet Σ. Therefore, even if the lepto-
baryons are too heavy to be directly produced at the LHC, we can still draw conclusions
about the quantum numbers of the leptobaryons from the loop mediated decays of the
baryonic Higgs HB for small mixing angles |θ| at the LHC. Furthermore, due to the dif-
ferent decay profiles of different leptobaryon models, we can even distinguish between
sets of anomaly canceling fermions. Note however that the relative branching in equation
(2.102) is subject to finite mass correction. Nevertheless, we expect that the relative decay
strengths do not change significantly.
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Figure 2.18: The branching ratio of the baryonic HiggsHB as a function of the scalar mix-
ing angle |θ| below the HB → ZBZB threshold. The one-loop contributions
to the branching ratios were computed with Package-X [143]. The solid lines
correspond to θ > 0 whereas dashed lines show the results for θ < 0. The
upper bound on the scalar mixing angle from Higgs signal strength measure-
ments [126], |θ| ≤ 0.35, is represented by the vertical gray line.
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2.2.3 Summary
In this section, we studied the minimal theory of leptobaryons. We argued that the
scale of baryon number violation can be as low as the electroweak scale without being
in conflict with current bounds from proton decay. However, the scale of baryon number
violation is not restricted to be at the electroweak scale and can be interpreted as a free
parameter. After a short introduction to the model, we focused on the dark matter phe-
nomenology of the leptobaryons. The lightest leptobaryon is automatically stabilized by
a remnant Z2 symmetry. We assumed that the lightest leptobaryon is the Standard Model
singlet Majorana fermion χ. Investigating the dark matter relic density, we found two
viable dark matter regimes. In the resonant dark matter regime, the dark matter annihi-
lation is dominated by χχ → ZB → q¯q such that we find relatively light dark matter,
mχ ' MZB/2. However, current dark matter direct detection experiments push the reso-
nant dark matter scenario to more tuned regimes.
The non-resonant dark matter scenario leads to interesting phenomenology as it can
constrain the scalar mixing angle θ stronger than Higgs studies at the LHC. Moreover,
the dark matter in the non-resonant regime is fairly heavy, mχ & MZB ,MHB , such that
we can apply the internal consistency condition that the heavy leptobaryons should not
destabilize the scalar potential in the direction of HB at mass scales below their mass.
Finally, we turned to the discovery potential of the leptophobic gauge boson ZB and
baryonic Higgs HB at the LHC. The absence of dijet resonances pushes the leptophobic
gauge boson ZB to larger masses and smaller couplings gB. The baryonic Higgs HB dis-
plays an interesting decay profile where for small scalar mixing angles the loop mediated
decays to Zγ and γγ become sizable.
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CHAPTER 3
LOW SCALE UNIFICATION - TESTING
THE ORIGIN OF SYMMETRIES
IN THIS CHAPTER, we extend and combine the ideas of the previous section. We con-struct an UV complete non-abelian left-right symmetric gauge theory which can be
broken to the Standard Model with gauged baryon number at low energy scales. Grand
Unified Theories (GUTs) explain the particle content and structure of the Standard Model
by embedding the Standard Model into a more fundamental theory with enhanced sym-
metries. The Standard Model of particle physics is then a low energy realization of a
theoretically more appealing theory. However, conventional Grand Unified Theories have
to be implemented at the GUT scale, MGUT ∼ 1014−16 GeV, to be consistent with the
lower limits on the proton lifetime [109]. Therefore, the theoretically beautiful idea of
unification is nearly untestable.
In this work, we attempt to lower the UV completion scale of the Standard Model by
constructing an UV complete theory which can be broken to the Standard Model with
local baryon number. As we already saw in section 2.2, we can stabilize the proton by
promoting baryon number to a gauge symmetry. Thus, we can evade the limits on the
proton lifetime and realize the UV complete theory at low scales.
Why is the stabilization of the proton not only of phenomenological importance, but
also the key to soften the hierarchy problem?
Interpreting the Standard model as a low energy effective field theory, we find at leading
order the dimension six proton mediating operator [144, 145]
L ⊃ cp
Λ2p
QLQLQL`L . (3.1)
If an UV completion of the Standard Model does not forbid or suppress this higher-
dimensional operator, then current experimental bounds require
Λp & 1014−16 GeV, (3.2)
for order one couplings (cP ' O(1)). Not only is a huge separation of scales imposed
by the theoretical considerations on the Planck scale, but a huge separation of scales is
also enforced by our experimental observations. To evade these experimental constraints,
to lower the UV completion scale of the Standard Model, and to alleviate the hierarchy
problem, a stabilization of the proton is crucial. Now, the next question we have to answer
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is: What is the structure of the gauge theory which can be broken to GSM ⊗ U(1)B at low
energies?
In order to have a well defined baryon number, quarks and leptons cannot be in the
same multiplet. An example of such a theory is the minimal left-right symmetric theory
discussed in section 2.1. Moreover, see [146] for a discussion of gauged baryon number
in the context of left-right symmetric theories. However, left-right symmetric theories
are not an UV complete theory because the abelian U(1)B−L gauge symmetry leads to a
Landau pole at high energies. At energies above the Landau pole, the theory is invalid.
We can embed the left-right symmetric gauge theory into the non-abelian gauge theory
SU(3)C ⊗ SU(3)L ⊗ SU(3)R known as trinification [147, 148, 149, 150, 151, 152].
Trinification has a well defined baryon number. As in the Standard Model, baryon number
is a global symmetry of the theory. The theory which we construct is based on the non-
abelian gauge group SU(4)C ⊗ SU(3)L ⊗ SU(3)R [4]. Baryon number is thus the fourth
color of SU(4)C . This gauge group is also the symmetry group with the minimal rank to
embed trinification with local baryon number. We will also extend these ideas and discuss
a gauge theory based on the even more symmetric symmetry group SU(4)C ⊗ SU(4)L⊗
SU(4)R. Note that, in contrast to the last section, we discuss a top-down extension of the
Standard Model in this sector.
An UV completion of the Standard Model at low scales is not only testable, but by low-
ering the UV completion scale of the Standard Model, we also allow for a new approach
towards the hierarchy problem. We do not know the scale of quantum gravity and large
extra dimensions could lower the Planck scale significantly [54]. Moreover, by putting
forward a low scale UV completion which incorporates the ideas of left-right symmetric
theories and local baryon number, we predict a variety of new scales. These new scales
can attenuate the hierarchy problem further.
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3.1 The 433 Theory
The theory presented in this section is the first experimentally valid UV completion of
the Standard Model extension of local baryon number. It is further an UV complete theory
which can be realized at low energy scales such that in contrast to conventional Grand
Unified Theories it can be tested at the LHC and future colliders. The theory is minimal
in the sense that the gauge group has the lowest possible rank to embed trinification and
gauged baryon number.
We consider the gauge group
G433 = SU(4)C ⊗ SU(3)L ⊗ SU(3)R , (3.3)
with the Standard Model fermions embedded in
Q ∼ (4, 3¯, 1) , Qc ∼ (4¯, 1, 3) , L ∼ (1, 3, 3¯) .
Note that as G433 is a non-abelian gauge group, it illustrates the charge quantization in
the Standard Model. However, this theory is again not anomaly free with non-vanishing
anomalies
A(SU(3)3L) = −
1
8
, A(SU(3)3R) =
1
8
,
A(SU(4)C ⊗ SU(3)2L) = −
3
2
, A(SU(4)C ⊗ SU(3)2R) =
3
2
. (3.4)
To cancel the anomalies familywise and have a consistent theory, we have to introduce
three copies of the additional fermions
Ψc ∼ (1, 3, 1) and η ∼ (1, 1, 3¯) .
In matrix notation, we see how the Standard Model fermions and new fermions are
aligned in the multiplets. The colored multiplets are given by
Q =
SU(3)L−−−−−−−−−−−−−−−→
dr ur Dr
db ub Db
dg ug Dg
Ψd Ψu ΨD

y SU(4)C =
(
q
Ψ
)
,
Qc =
SU(4)C−−−−−−−−−−−−−−−−−−−→dcr¯ dcb¯ dcg¯ ηcducr¯ ucb¯ ucg¯ ηcu
Dcr¯ D
c
b¯
Dcg¯ η
c
D
y SU(3)R = (qc ηc) .
The quark multiplets Q and Qc contain, apart from the Standard Model quarks q = (d u)
and anti-quarks qc = (dc uc)T , an additional heavy down-type quark D and anti-quark
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Dc. We further find the colorless fractional charged fields Ψ and ηc inside the quark
multiplets. These new exotic particles form Dirac fermions with the additional fermions
Ψc and η which were required by anomaly cancellation. The additional fermions are given
by
Ψc =
SU(3)L−−−−−−−−−−−−−−→(
Ψcd Ψ
c
u Ψ
c
D
)
and η =
ηdηu
ηD
y SU(3)R .
Note that the new colorless fermions carry the same fractional electric charge as the Stan-
dard Model quarks
QEM(Ψu) = +2/3 , QEM(Ψd) = QEM(ΨD) = −1/3,
QEM(Ψ
c
u) = −2/3 , QEM(Ψcd) = QEM(ΨcD) = +1/3,
QEM(ηu) = +2/3 , QEM(ηd) = QEM(ηD) = −1/3,
QEM(η
c
u) = −2/3 , QEM(ηcd) = QEM(ηcD) = +1/3 . (3.5)
Moreover, in matrix notation the lepton multiplet is given by
L =
SU(3)R−−−−−−−−−−−−−−−→N1 E+ νE− N2 e−
νc e+ N3
y SU(3)L .
The lepton multiplet L contains the Standard Model leptons e± and ν. Lepton number is
therefore explicitly broken. In contrast to the last section, we thus cannot automatically
also construct a theory of local lepton number. We further find the right-handed neutrino
νc in L. Additionally, new heavy singly charged leptonsE± and three new neutral leptons
N1, N2, and N3 are included in L.
Normalizing the Gell-Mann matrices such that λ8 = 1/
√
3 diag(1, 1,−2) and defining
the generators of SU(3)L,R such that Tr(T aL,RT
b
L,R) = δ
ab
L,R/2, we can identify T
a
L,R =
λaL,R/2. We then find for the known conserved electroweak charges
QEM = T
3
L + Y with Y = T
3
R +
1
2
Y(B−L) , (3.6)
and with
Y(B−L) = − 2√
3
T 8L −
2√
3
T 8R . (3.7)
The generators of SU(4)C are normalized such that λ15C = 1/
√
6 diag(1, 1, 1,−3) and
Tr(T aCT
b
C) = δ
ab
C /2 where T
a
C = λ
a
C/2. The conserved charge corresponding to local
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baryon number is then given by
YB = 2
√
2
3
T 15C . (3.8)
The Higgs sector of the theory is composed of
ξ ∼ (15, 1, 1) , S ∼ (4, 1, 1) , Φ1 ∼ (1, 3, 3¯) , Φ2 ∼ (1, 3, 3¯) , Φ3 ∼ (1, 3, 3¯) .
Note that ξ has no tree-level interactions with the fermions in the theory. Yet, ξ will
develop the vacuum expectation value
〈ξ〉 = vC T 15C , (3.9)
which breaks SU(4)C such that
SU(4)C → SU(3)C ⊗ U(1)B .
Baryon number as the fourth color was first discussed in [153, 154]. These theories are
however by comparison not UV complete and cannot embed the Standard Model with
gauged baryon number. In matrix notation, the scalar degrees of freedom S and Φi with
i ∈ {1, 2, 3} are given by
S =

Sr
Sb
Sg
SB

y SU(4)C =
(
SC
SB
)
,
Φ =
SU(3)R−−−−−−−−−−−−−−−−→ϕ01 ϕ+ H0Lϕ− ϕ02 H−
H0R H
+ φ0
y SU(3)L =
(
φ HL
HR φ
0
)
.
The scalar field S consists of three colored degrees of freedom SC = (Sr, Sb, Sg)T and a
complete Standard Model singlet SB. The scalar fields SC and SB carry baryon number.
Therefore, as SB develops a non-trivial vacuum expectation value, it breaks U(1)B. The
scalar bi-triplets Φi consist of a SU(2)L ⊗ SU(2)R bi-doublet φi, a left-handed Higgs
doublet (HL)i, a right-handed Higgs doublet (HR)i, and a new Standard Model singlet
(φ0)i.
The interactions of the quark fields and the scalar sector are described by
−LQ =QQc(y1Φ1 + y2Φ2 + y3Φ3) + ηΨc(k1Φ†1 + k2Φ†2 + k3Φ†3)
+ yΨQΨ
cS† + yηηQcS + h.c. . (3.10)
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Expanding the quark interactions, we find for the individual components
QQcΦ = QiQcaΦ
i
a = dd
cϕ01 + uu
cϕ02 + du
cϕ+ + udcϕ−
+ dDcH0L +Dd
cH0R +Du
cH+ + uDcH− +DDcφ0 .
(3.11)
Now and below, we use the convention that SU(3)L indices will be written in upper case
with {i, j, k} and SU(3)R indices in lower case with {a, b, c}. Note that the summation
over the SU(4)C indices is implicit. The terms dDcH0L and Dd
cH0R will lead to mass
mixing of the Standard Model down-type quarks and the new heavy quarks. See the
Appendix 7.7 for a discussion of the fermion mixing. Furthermore, we can also expand
the new exotic quark interactions
QΨcS† = urΨcuS
∗
r¯ + ubΨ
c
uS
∗¯
b + ugΨ
c
uS
∗
g¯ + drΨ
c
dS
∗
r¯ + dbΨ
c
dS
∗¯
b + dgΨ
c
dS
∗
g¯
+DrΨ
c
DS
∗
r¯ +DbΨ
c
DS
∗¯
b +DgΨ
c
DS
∗
g¯ + ΨuΨ
c
uS
∗
B + ΨdΨ
c
dS
∗
B + ΨDΨ
c
DS
∗
B ,
ηQcS = ηuu
c
r¯Sr + ηuu
c
b¯Sb + ηuu
c
g¯Sg + ηdd
c
r¯Sr + ηdd
c
b¯Sb + ηdd
c
g¯Sg
+ ηDD
c
r¯Sr + ηDD
c
b¯Sb + ηDD
c
g¯Sg + ηuη
c
uSB + ηdη
c
dSB + ηDη
c
DSB , (3.12)
where the color indices are shown explicitly for clarity. The gauge invariance forces
the colored scalars SC to always interact with a colored quark and a colorless fractional
charged fermion. The fractional charged fermions receive a mass contribution from SB
as SB develops a vacuum expectation value (see section 3.1.1).
The interactions of the leptonic fields with the scalar degrees of freedom are described
by
−LL = 1
2
LL(h1Φ1 + h2Φ2 + h3Φ3) + h.c. . (3.13)
Expanding the totally asymmetric interactions of the leptonic fields, we find for the indi-
vidual components
1
2
LLΦ =
1
2
ijkabcL
i
aL
j
bΦ
k
c
= (N2N3 − e−e+)ϕ01 + (e+ν − E+N3)ϕ− + (e−νc − E−N3)ϕ+
+ (N1N3 − ννc)ϕ02 + (E+e− − νN2)H0R + (E−e+ − νcN2)H0L
+ (νE− −N1e−)H+ + (νcE+ −N1e+)H− + (N1N2 − E−E+)φ0 .
(3.14)
The totally asymmetric interaction forbids tree-level Majorana mass terms for the leptons.
Yet, the theory generates Majorana masses at loop level (see section 3.1.2). In addition,
the interaction terms (E+e−−νN2)H0R and (E−e+−νcN2)H0L will lead to a mass mixing
of the singly charged fermions E± and e±, and the neutral fermions ν and N1. Again,
see the Appendix 7.7 for the complete tree-level fermion mass matrices. As φ0 acquires
a vacuum expectation value the beyond the Standard Model fermions E±, N1, and N2
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obtain a mass (see section 3.1.2).
As the scalar field ξ acquires the vacuum expectation value (3.9), it breaks SU(4)C
SU(4)C ⊗ SU(3)L ⊗ SU(3)R → SU(3)C ⊗ SU(3)L ⊗ SU(3)R ⊗ U(1)B .
We thus found a model of trinification where the former global symmetry of baryon num-
ber was promoted to aU(1) gauge symmetry and embedded in a non-abelian gauge theory.
Upon symmetry breaking, the colored fields decompose as
Q→ q
∼(3,3¯,1,1/3)
+ Ψ
∼(1,3¯,1,−1)
,
Qc → qc
∼(3¯,1,3,−1/3)
+ ηc
∼(1,1,3,1)
,
S → SC
∼(3,1,1,−1/3)
+ SB
∼(1,1,1,1)
.
The interactions in the quark sector then take the form
−LQ = yi (qqc + Ψηc) Φi + kiηΨcΦ†i
+ yΨ
(
qΨcS†C + ΨΨ
cS∗B
)
+ yη
(
ηqcSC + ηη
cSB
)
+ h.c. , (3.15)
with i ∈ {1, 2, 3}.
So far, we have mainly presented how the Standard Model fermions are embedded and
interact in the 433 theory. As we are breaking G433 to trinification with gauged baryon
number, the question arises: What are the bounds on the symmetry breaking scales? We
will give an overview of the symmetry breaking pattern and the scales involved in the
next section. Moreover, we have to explicitly show the stability of the proton to ensure
the possibility of a low scale UV completion.
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3.1.1 Symmetry Breaking and Scales
We now first discuss the overall symmetry breaking structure before we turn to the
individual steps of the symmetry breaking in the next section. The general symmetry
breaking pattern we follow is displayed below.
SU(4)C ⊗ SU(3)L ⊗ SU(3)R
SU(3)C ⊗ SU(3)L ⊗ SU(3)R ⊗ U(1)B
SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L ⊗ U(1)B
SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)B
〈H0R〉 6= 0
〈φ0〉 6= 0
〈ξ〉 6= 0
As the color adjoint field ξ breaks SU(4)C to SU(3)C⊗U(1)B, the symmetry group re-
duces to trinification with local baryon number. Trinification is discussed in the literature
as independent UV completion of the Standard Model [147, 148, 149, 150, 151, 152]. The
scalar bi-triplets Φi break the trinification gauge group via a left-right symmetric theory
to the Standard Model gauge symmetry
3C3L3R
Λ33−−→ 3C2L2R1B−L ΛR−→ 3C2L1Y ,
with Λ33 the scale of trinification breaking and ΛR the scale of left-right symmetry break-
ing.
The intermediate left-right symmetric theory is constrained by LHC studies for new
charged currents (see section 2.1.2). The most optimistic lower limit on the scale of left-
right symmetry breaking is obtained by considering the perturbative upper limit of the
SU(2)R gauge coupling (gR → 4pi). We can then derive from equation (2.30) the lower
bound
ΛR & 500 GeV. (3.16)
We will see in the next section that the new down-type quarks D and anti-quarks Dc
as well as the new charged leptons E± acquire a mass proportional to the trinification
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breaking scale Λ33. The absence of these new particles at the LHC leads to lower mass
bounds in the TeV range for these new particles [155]. Therefore, if we assume order one
couplings, the trinification breaking scale Λ33 is also experimentally bounded from below
with
Λ33 & 103 GeV. (3.17)
The breaking of baryon number is orthogonal to the symmetry breaking of trinification.
Baryon number can therefore be broken before, after, or even in between the breaking of
trinification.
Upon the breaking of U(1)B, the new fermions Ψ, Ψc, η, and ηc acquire a mass. Baryon
number is broken once the baryonic scalar SB develops a vacuum expectation value
〈SB〉 = vB√
2
. (3.18)
We then find the following mass terms in the Lagrangian
−LQ ⊃ mΨ (ΨuΨcu + ΨdΨcd + ΨDΨcD) +mη (ηuηcu + ηdηcd + ηDηcD) , (3.19)
where
mΨ = yΨ
v∗B√
2
and mη = yη
vB√
2
. (3.20)
In the limit vB → ∞ the new fermions decouple from the theory and the theory reduces
to the known theory of trinification. Again, the non-observation of new fractional charged
fermions at the LHC [156] leads to an experimental lower bound on the scale of baryon
number violation in the TeV range
vB & 103 GeV . (3.21)
As the color adjoint field ξ does not have tree-level interactions with the fermions of
the theory, the bounds on the scale of SU(4)C breaking stem from LHC constraints on
new colored gauge bosons [156]. In section 3.1.3, we will show that upon the SU(4)C
breaking by 〈ξ〉, we find three complex massive gauge bosons with mass proportional to
vC . The lower bound on the vacuum expectation value vC is therefore also in the TeV
range
vC & 103 GeV . (3.22)
In summary, we just argued that the full symmetry breaking of the 433 theory can be
realized in the multi-TeV range. Thereby, none of the scales is related to the electroweak
scale, but all of them are testable at the LHC and future colliders.
However, in order to be able to break the theory at such low energy scales, the proton
has to be stable. Analyzing the theory, we find that proton decay is mediated by the
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dimension nine operator
Oproton = cpQQQLΦΦS
†
(Λ433)5
. (3.23)
Hence, the decay of the proton is suppressed by the 433 scale Λ433 to the fifth power. The
proton decay rate thus scales as
Γp ∼
m5p〈Φ〉4〈S〉2
(Λ433)10
, (3.24)
withmp the mass of the proton. Following our previous discussion, we assume 〈S〉 ∼ 103
GeV and also 〈Φ〉 ∼ 103 GeV. Thus, for the theory to be in agreement with the lower
limit on the proton lifetime τ(p → e+pi0) & 1034 yrs. [105], the lower bound for physics
beyond the 433 theory is given by
Λ433 & 107 GeV. (3.25)
Note that the scale of minimum validity of the 433 theory is thus seven to nine orders of
magnitude smaller than the GUT scale. However, proton decay is not as suppressed as in
the bottom-up approach to gauged baryon number discussed in section 2.2.
The 433 theory is at least valid until Λ433 ∼ 107 GeV. Any new kind of physics beyond
the 433 theory can be realized at scales above Λ433 without being in conflict with the
current proton lifetime bounds. Nevertheless, the remarkable feature of the 433 theory is
that we are not in need of new physics beyond. The 433 theory is based on a non-abelian
gauge symmetry and is thus valid for arbitrary high energy scales. Moreover, as large
extra dimensions can lower the Planck scale, we could even expect a theory of quantum
gravity to be realized at Λ433 ∼ 107 GeV. By proposing the 433 theory and demonstrating
the possibility of a consistent UV completion in four dimensions at energy scales as low
as 103−4 GeV, we have significantly diminished the amount of fine-tuning required by a
low Higgs mass. Without argument, the proton decay scale Λ433 is still well separated
from the electroweak scale. Yet, the tuning involved looks less intimidating:
M2H
Λ2433
' 10−10 compared to M
2
H
M2Pl
' 10−26 . (3.26)
A possible solution to the now arising little hierarchy could originate in the four ad-
ditional scales of the 433 theory (ΛR, Λ33, ΛB, and ΛC). For example, a symmetry
relating the Higgs mass contributions such that they cancel could be at work. Also,
the newly proposed clockwork mechanism could be responsible for a small electroweak
Higgs mass [55]. However, further investigations are necessary to address the little hier-
archy problem in the 433 theory.
Note that, in pure trinification, proton decay is mediated via a dimension eight operator.
Thus, the proton decay scale of pure trinification can be as low as 108 GeV. By gauging
baryon number, we could hence lower the potential scale of quantum gravity further by
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one order of magnitude. In the next section, we discuss the theory of trinification with
gauged baryon number and investigate the individual symmetry breaking steps to the
Standard Model with local baryon number.
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3.1.2 Trinification and Effective Left-Right Symmetric Theory
In this section, we discuss the individual symmetry breaking steps of the 433 theory in
more detail. The theory known as trinification is a gauge theory based on the symmetry
group
G333 = SU(3)C ⊗ SU(3)L ⊗ SU(3)R , (3.27)
with the Standard Model fermions in the representations
q ∼ (3, 3¯, 1) , qc ∼ (3¯, 1, 3) , L ∼ (1, 3, 3¯) .
However, due to the breaking of SU(4)C with the color adjoint Higgs field ξ, we find a
gauge theory based on
G333B = SU(3)C ⊗ SU(3)L ⊗ SU(3)R ⊗ U(1)B ,
with three generations of additional fermions
Ψ ∼ (1, 3¯, 1) , Ψc ∼ (1, 3, 1) , η ∼ (1, 1, 3¯) , ηc ∼ (1, 1, 3) .
Moreover, these fermions are the minimal number of additional fermionic degrees of
freedom to have a consistent theory which promotes the global baryon number symmetry
of trinification to a local symmetry. The anomalies are canceled familywise.
As the neutral components of the bi-triplet scalar fields Φi acquire a vacuum expecta-
tion value, trinification is broken to a left-right symmetric theory and finally to the Stan-
dard Model. Symmetry breaking would only require the presence of one scalar bi-triplet.
However, as the scalar fields develop a vacuum expectation value, they induce a mass
for the fermions. In order to reproduce the measured Standard Model fermion masses,
at least two scalar bi-triplets are needed. Nonetheless, with only two scalar bi-triplets,
a fine-tuning of the Yukawa couplings of the order of 108 is necessary to satisfy current
constraints on the neutrino masses and at the same time satisfy the constraints on the
masses of new heavy down-type quarks D and charged fermions E± [147]. To avoid any
fine-tuning concerning the Standard Model fermion masses, we therefore require three
scalar bi-triplets Φi.
For simplicity, we will consider the following vacuum expectation value assignment
for the three scalar bi-triplets
〈Φ1〉 =
v1 0 0ˆ0 0ˆ 0
0ˆ 0 0ˆ
 , 〈Φ2〉 =
0ˆ 0 0ˆ0 v2 0
0ˆ 0 0ˆ
 , 〈Φ3〉 =
 0ˆ 0 0ˆ0 0ˆ 0
vR 0 v33
 ,
(3.28)
with the hierarchy of scales v33  vR  v1, v2 (see symmetry breaking pattern in section
3.1.1). Note that in principle, further neutral components of the scalar fields which are
denoted by 0ˆ in equation (3.28) could develop a vacuum expectation value and contribute
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to the symmetry breaking. However, to reproduce the observed Standard Model, the
above vacuum expectation value assignment is sufficient. Our discussion can be viewed
as the limit v33, vR, v1, v2  0ˆ.
The vacuum expectation value 〈(φ0)3〉 = v33 breaks trinification to a left-right sym-
metric theory
SU(3)L ⊗ SU(3)R 〈(φ
0)3〉= v33−−−−−−−→ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L .
Upon symmetry breaking, the colored and fractional charged fermionic fields decompose
as
q→ q
∼(3,2¯,1,1/3,1/3)
+ D
∼(3,1,1,−2/3,1/3)
,
qc → qc
∼(3¯,1,2,−1/3,−1/3)
+ Dc
∼(3¯,1,1,2/3,−1/3)
,
Ψ→ Ψq
∼(1,2¯,1,1/3,−1)
+ ΨD
∼(1,1,1,−2/3,−1)
,
Ψc → Ψcq
∼(1,2,1,−1/3,0)
+ ΨcD
∼(1,1,1,2/3,0)
,
η → ηq
∼(1,1,2¯,1/3,0)
+ ηD
∼(1,1,1,−2/3,0)
,
ηc → ηcq
∼(1,1,2,−1/3,1)
+ ηcD
∼(1,1,1,2/3,1)
.
The symmetry breaking separates the Standard Model quarks q and anti-quarks qc from
the heavy down-type quarksD and anti-quarksDc. The fundamental and anti-fundamental
representations of SU(3)L and SU(3)R are broken to SU(2)L and SU(2)R doublets and
singlets, respectively, whereas the bi-triplet lepton field decomposes as
L→ L
∼(1,2,2¯,0,0)
+ `
∼(1,2,1,−1,0)
+ `c
∼(1,1,2¯,1,0)
+ N3
∼(1,1,1,0,0)
.
The Standard Model leptons are detached from the fermionic bi-doublet L and the Stan-
dard Model singlet N3. The scalar bi-triplets decompose similarly
Φ→ φ
∼(1,2,2¯,0,0)
+ HL
∼(1,2,1,−1,0)
+ HR
∼(1,1,2¯,1,0)
+ φ0
∼(1,1,1,0,0)
.
Like the leptons, the left-handed and right-handed Higgs doublets are decoupled from the
scalar bi-doublet φ and the scalar field responsible for the breaking of trinification φ0.
The lepton interactions in the effective left-right symmetric theory are then given by
−LL ⊃ abnm hi
(1
2
LnaL
m
b φ
0
i + L
n
aN3(φi)
m
b − `n`ca(φi)mb
+ `nLma (HR i)b − Lna`cb(HL i)m
)
, (3.29)
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with the convention that {n,m} stand for SU(2)L indices and {a, b} are SU(2)R indices.
We defined 12 = 12 = −21 = −21 = 1 and nn = aa = 0. The asymmetric nature
of the leptonic interaction in trinification is still present. The quark interactions now take
the form
−LQ ⊃ yi
(
qqcφi + qD
c(HL)i +Dq
c(HR)i +DD
c(φ0)i
+ Ψqη
c
qφi + Ψqη
c
D(HL)i + ΨDη
c
q(HR)i + ΨDη
c
D(φ
0)i
)
+ ki
(
ηqΨ
c
qφ
†
i + ηqΨ
c
D(HL)
†
i + ηDΨ
c
q(HR)
†
i + ηDΨ
c
D(φ
0)∗i
)
+ yΨ
(
qΨcqS
∗
C +DΨ
c
DS
∗
C + ΨqΨ
c
qS
∗
B + ΨDΨ
c
DS
∗
B
)
+ yη
(
ηqq
cSC + ηDD
cSC + ηqη
c
qSB + ηDη
c
DSB
)
. (3.30)
Breaking trinification creates the mass terms
−L ⊃ mL(N1N2 − E+E−) +mD(DDc + ΨDηcD) +mηΨηDΨcD , (3.31)
with
mL = h3v33 , mD = y3v33 , mηΨ = k3v33 . (3.32)
The new leptonsL, additional down-type quarksD, and anti-quarksDc and new fractional
charged fermions Ψ, Ψc, η, and ηc decouple from the theory as v33 →∞. It is important to
note that the new fermions needed for the anomaly cancellations upon promoting baryon
number to a gauge symmetry (Ψ, Ψc, η, and ηc) can acquire heavy vector-like masses
even if baryon number is broken at a lower scale then trinification. The only beyond the
Standard Model fermion apart from the right-handed neutrino νc which does not have a
tree-level mass contribution proportional to the breaking scale of trinification is the neutral
lepton N3. However, one-loop mass corrections give
mN3 ∼
h3v33
16pi2
, (3.33)
such that also N3 decouples from the theory as v33 →∞ [147, 151]. We will discuss the
one-loop mass contributions to N3 in more detail below.
In the limit where we integrate out the new heavy fermions with mass terms propor-
tional to v33, we find the simple left-right symmetric theory
−L ⊃ qqc (y1φ1 + y2φ2 + y3φ3)
− abnm (h1`n`ca(φ1)mb + h2`n`ca(φ2)mb + h3`n`ca(φ3)mb ) . (3.34)
Note that this left-right symmetric theory differs significantly from the left-right sym-
metric theory presented in section 2.1 because the theory inherits the SU(3)L ⊗ SU(3)R
invariant interactions. We thus also see from the Lagrangian in equation (3.34) that a sin-
gle bi-doublet φ could not reproduce the Standard Model fermion masses in contrast to
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the left-right symmetric theory presented in section 2.1.
As the left-right symmetry is broken to the Standard Model gauge symmetry by the
vacuum expectation value 〈(H0R)3〉 = vR,
SU(2)R ⊗ U(1)B−L 〈(H
0
R)3〉= vR−−−−−−−−→ U(1)Y , (3.35)
the Standard Model down-type anti-quarks dc, negative charged leptons e−, and left-
handed neutrinos ν become mixed mass eigenstates with the heavy down-type anti-quarks
Dc, heavy negative charged leptons E−, and heavy neutral leptons N1, respectively. We
will take the limit vR  v33 for clarity in the following discussion such that the mixing of
these fermionic degrees of freedom can be neglected. The details of the fermion mixing
and the full tree-level mass terms can be found in the Appendix 7.7.
The Standard Model fermions acquire their mass once the vacuum expectation values
〈(ϕ01)1〉 = v1 and 〈(ϕ02)2〉 = v2 develop and break the Standard Model gauge symmetry
SU(2)L ⊗ U(1)Y 〈(ϕ
0
1)1〉= v1, 〈(ϕ02)2〉= v2−−−−−−−−−−−−−−→ U(1)EM .
We then find the following Standard Model fermion masses
md = y1v1 , mu = y2v2 , me = h1v1 , mν = h2v2 . (3.36)
Note that the neutrinos only have a Dirac mass at tree-level. However, one-loop correc-
tions will again induce Majorana mass terms for the neutrinos. This is expected since
lepton number is explicitly broken by the lepton multiplet L.
Radiative Neutrino Masses
To show the one-loop contributions to the neutrino masses qualitatively, we work in
a simplified model with only one scalar bi-triplet Φ [151]. The relevant interactions are
given by
L ⊃ −M2ΦΦΦ∗ − λΦΦΦ−
h
2
LLΦ + h.c. . (3.37)
The cubic scalar interaction λΦΦΦ is crucial for the Majorana mass generation at one-
loop order. Due to the asymmetric nature of this scalar interaction, Majorana masses
for N3 and νc are generated at the one-loop level. However, no Majorana mass term is
generated for ν. Hence, in contrast to the radiative neutrino masses in section 2.1.1, we
do not have to assume left-right parity violation by the Yukawa couplings.
Until now, we have been working in the limit v33  vR to avoid fermion mass mixing
and simplify the fermion mass discussion. However, to not only generate a Majorana
mass term forN3, we have to relax this assumption to also generate an one-loop Majorana
mass for νc. For the full fermion masses and the relevant interactions including mixing,
we again refer to the Appendix 7.7. The one-loop diagrams responsible for the Majorana
masses of N3 and νc are given in the unbroken symmetry phase in Figure 3.1.
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Figure 3.1: One-loop Majorana masses in the unbroken symmetry phase for N3 and νc.
In contrast to section 2.1.1, only four charged scalars contribute to the one-loop neutrino
masses in our simplified model. When taking all three scalar bi-triplets into account,
twelve scalars contribute. We define the charged scalar mixing by(
(ϕ−)∗ ϕ+ (H−)∗ H+
)T
= U
(
h+1 h
+
2 h
+
3 h
+
4
)T
, (3.38)
and then find the one-loop Majorana mass contributions
(m1-loopN3 )
αγ
=
cos(α)
16pi2
mLh
αβ
∑
i
Log
(
M2hi
m2Lβ
)
U2ih
βγU∗1i + α↔ γ
=
cos(α)
16pi2
mLF
αγ
N3
,
(m1-loopνc )
αγ
=
sin(α)
16pi2
mLh
αβ
∑
i
Log
(
M2hi
m2Lβ
)
U2ih
βγU∗3i + α↔ γ
=
sin(α)
16pi2
mLF
αγ
νc ,
(m1-loopνcN3 )
αγ
=
mL
16pi2
(
sin(α)FαγN3 − cos(α)Fαγνc
)
, (3.39)
with charged scalar masses Mhi and mixing angle tan(α) = vR/v33. Note that we ne-
glected one-loop contributions from fermions with masses at the electroweak scale. The
neutral fermion mass matrix in the basis (ν νcN3) is then given by
m1-loopν νcN3 =
 0 −mν 0−mν m1-loopνc m1-loopνcN3
0 m1-loopνcN3 m
1-loop
N3
 ' mL
 0 O() 0O() O(1) O(1)
0 O(1) O(1)
 ,
(3.40)
where in the second step we defined mν/mL as O(). The neutrino mass matrix (3.40)
has two eigenvalues of orderO(1) and one eigenvalue of orderO(2) [151]. We therefore
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approximately find in our simplified model at the one-loop level
mN3 ∼ mL , mνc ∼ mL , m1-loopν ∼
m2ν
mL
. (3.41)
The neutrino mass is therefore suppressed by the mass of the heavy new charged fermions
E±. Even if the above calculation is only a rough estimation of the Majorana neutrino
masses for N3 and νc in the 433 theory, we expect that the full calculation with all three
scalar bi-triplets yields a similar result. After discussing the symmetry breaking pattern
and the induced fermion masses in detail, we will turn to the new additional gauge bosons
in the next section.
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3.1.3 Leptophobic and Trinification Gauge Bosons
In this section, we shift our focus from the fermions of the theory to the gauge bosons.
The SU(4)C gauge bosons can be decomposed in matrix form as
AµC =
(
Gµ Xµ/
√
2
(Xµ)∗/
√
2 0
)
+ ZµBT
15
C . (3.42)
As the scalar field ξ breaks SU(4)C to SU(3)C ⊗ U(1)B, we find:
• Three complex massive leptophobic gauge bosons Xµ ∼ (3, 1, 1, 4/3) with mass
given by MX =
√
2/3gCvC .
• One massless leptophobic gauge boson ZµB ∼ (1, 1, 1, 0) which mediates the con-
served U(1)B symmetry.
• Eight massless Standard Model gluons Gµ ∼ (8, 1, 1, 0) corresponding to the color
SU(3)C gauge symmetry.
At the scale of baryon number violation, the massive gauge bosons Xµ receive an addi-
tional mass contribution
M2X =
2
3
g2Cv
2
C +
1
4
g2Cv
2
B , (3.43)
with gB =
√
3/8 gC at the symmetry breaking scale vB. In addition, once local baryon
number is broken the leptophobic gauge boson ZµB acquires the mass
MZB = gBvB . (3.44)
Note the difference in the leptophobic gauge boson mass MZB compared to the minimal
theory of leptobaryons in section 2.2. The different coefficient is due to the different
baryon numbers of SB (BSB = 1) and HB (BHB = 3).
The leptophobic nature of the gauge bosons manifests in the decays. The complex
colored gauge boson Xµ decays to quarks and new fractional charged fermions if kine-
matically allowed
Xµ → Ψ¯q, qcηc . (3.45)
The gauge boson ZB couples to baryon number and decays to pairs of quarks and, if
kinematically allowed, to pairs of new fractional charged fermions
ZB → q¯q, Ψ¯Ψ, qcqc, ηcηc . (3.46)
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Turning to the trinification sector, we write the trinification gauge bosons in matrix
form as
AµL,R =

1
2
(
W 3L,R +
1√
3
CL,R
)
1√
2
W+L,R
1√
2
B0L,R
1√
2
W−L,R
1
2
(
−W 3L,R + 1√3CL,R
)
1√
2
B−L,R
1√
2
B0L,R
1√
2
B˜+L,R − 2√3CL,R
 ,
(3.47)
with the subscripts L and R labeling the SU(3)L and SU(3)R gauge bosons, respectively.
Upon breaking trinification to an effective left-right symmetric theory via the vacuum
expectation value v33, we find:
• Four left-handed massive gauge bosons
BL =
(
B0L
B−L
)
∼ (1, 2, 1,−1, 0) ,
B˜L =
(
B˜0L B˜
+
L
) ∼ (1, 2¯, 1, 1, 0) , (3.48)
with the fermionic decay channels
BL → q¯D,ΨqΨD,ΨcDΨcq, `cL, N3` . (3.49)
• Four right-handed massive gauge bosons
BR =
(
B0R
B−R
)
∼ (1, 1, 2,−1, 0) ,
B˜R =
(
B˜0R B˜
+
R
) ∼ (1, 1, 2¯, 1, 0) , (3.50)
where the possible fermionic decay channels are given by
BR → Dcqc, ηcDηcq, ηqηD,L`, `cN3 . (3.51)
• One mixed massive gauge boson
C = cos(θ33)CR − sin(θ33)CL ∼ (1, 1, 1, 0, 0) , (3.52)
with tan(θ33) = g2L/g
2
R. The possible fermionic decays are
C → q¯q, D¯D, qcqc, DcDc,ΨqΨq,ΨDΨD,ΨcqΨcq,ΨcDΨcD,
ηqηq, ηDηD, ηcqη
c
q, η
c
Dη
c
D,
¯`` , `c`c,LL, N3N3 . (3.53)
• One mixed massless gauge boson coupling to B − L
ZBL = cos(θ33)CL + sin(θ33)CR ∼ (1, 1, 1, 0, 0) . (3.54)
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The B − L gauge coupling is thereby defined as
gBL =
√
3
2
gLgR√
g2L + g
2
R
. (3.55)
As the U(1)B−L gauge symmetry is broken, ZBL acquires a mass. The possible
fermionic decay channels then are
ZBL → q¯q, D¯D, qcqc, DcDc,ΨqΨq,ΨDΨD,ΨcqΨcq,ΨcDΨcD,
ηqηq, ηDηD, ηcqη
c
q, η
c
Dη
c
D,
¯`` , `c`c,LL, N3N3 . (3.56)
Note that we suppressed spacetime indices for clarity. The mass terms of the gauge bosons
in the Lagrangian can be written as
−L ⊃ M
2
BL
2
B˜LBL +
M2BR
2
B˜RBR +
M2C
2
C˜C , (3.57)
with masses
MBL = 2gLv33 , MBR = 2gRv33 , MC =
√
2(g2L + g
2
R)v33 . (3.58)
The resulting left-right symmetric theory breaks to the Standard Model once the right-
handed Higgs doublet (HR)3 acquires the vacuum expectation value vR. The gauge
bosons of a left-right symmetric theory broken by a right-handed Higgs doublet are dis-
cussed in detail in section 2.1.2.
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3.1.4 Cosmology of the 433 Theory
In section 2.2.1, we learned that upon the breaking of local baryon number the light-
est leptobaryon is stabilized by a remnant Z2 symmetry. We further required that the
lightest leptobaryon was an electrically neutral particle and hence a potential dark matter
candidate. The situation now in the context of the 433 theory is very similar. Upon the
breaking of local baryon number, an inherited Z2 symmetry stabilizes the lightest particle
in the new sector
(Z2)C : Ψ→ −Ψ , Ψc → −Ψc , η → −η , ηc → −ηc ,
SC → −SC , Xµ → −Xµ . (3.59)
However, the new sector consists of fractional charged fermions Ψ, Ψc, η, and ηc, colored
scalar bosons SC , and colored gauge bosons Xµ. The 433 theory therefore predicts stable
fractional charged fermions and/or stable colored bosons. In cosmology, neither stable
fractional charged particles nor a stable colored boson which due to confinement would
form exotic bound states were observed. To avoid conflicts with cosmology, we therefore
have to require that the reheating temperature in the early Universe was below the mass
scale of the lightest new exotic particle. We can then avoid the production of these fields
after inflation. In principle, we find three different kinematic regimes:
• Scenario A: The fractional charged fermions are the lightest new particles. We then
have to allow for the following decay channels to be open such that the heavier new
fields can decay to the fractional charged particles
SC → Ψ + Ψc +Xµ,
SC → η + ηc +Xµ,
Xµ → Ψ + q, qc + ηc .
The upper bound on the reheating temperature is hence given by
TARH 
1√
2
yΨ,ηvB . (3.60)
• Scenario B: The colored gauge boson Xµ is the lightest stable particle. We there-
fore require the following decay channels to be open
SC → Ψ + Ψc +Xµ,
SC → η + ηc +Xµ,
Ψ → (Xµ)∗ + q¯,
ηc → Xµ + qc.
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Now, the upper bound on the reheating temperature is given by
TBRH  gC
√
2
3
v2C +
1
4
v2B . (3.61)
• Scenario C: The colored scalar boson SC is the lightest exotic field. For the new
particles to be able to decay to SC , the following decay channels have to be open
Xµ → SC + SB,
Ψ → q¯ + SC ,
η → qc + SC .
We then require for the reheating temperature in the early Universe
TCRH MSC . (3.62)
The strongest current constraint on the reheating temperature in the early Universe
comes from a combination of BBN, cosmic microwave background (CMB) and large
scale structure bounds, TRH & 4.7 MeV [157]. As motivated in section 3.1.1, we want to
break SU(4)C and local baryon number in the multi-TeV regime. On these grounds, we
also expect the new particles to have masses in the TeV regime such that we can search for
them at particle colliders. The 433 theory is therefore in full agreement with cosmology
for a reheating temperature below the TeV scales.
It is important to note that the prediction of a low reheating temperature allows for the
falsifiability of the 433 theory. If we discover the new exotic particles in the multi-TeV
range, but at the same time have hints towards a high scale reheating temperature, then
the 433 theory is in conflict with cosmology and has to be ruled out.
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Figure 3.2: The branching ratios of the leptophobic gauge boson ZB as a function of MZB .
3.1.5 433 Theory at Particle Colliders
Our main motivation to discuss the 433 theory was the search for an UV completion
of the Standard Model of particle physics which can be realized at low energy scales and
thus is also testable at current and future particle colliders. The testability of the 433
theory at particle colliders is the topic of this section.
The theory again predicts a leptophobic gauge bosonZB which was already discussed in
section 2.2.2. If we assume that the decays of ZB to the new fractional charged particles
Ψ, Ψc, η, and ηc, and to the new heavy down-type quarks D and anti-quarks Dc are
kinematically forbidden, we can apply the LHC constraints from dijet searches displayed
in Figure 2.14. The presence of the heavy D quarks and Dc anti-quarks would reduce the
branching to Standard Model quarks by approximately 33%. This is expected as the three
new D quarks and Dc anti-quarks carry the same baryon number as the Standard Model
quarks and anti-quarks.
As ZB couples to baryon number, the partial decay width to a pair of fermions f¯f is
given by
Γ(ZB → f¯f) = NC
g2BB
2
f
12pi
MZB
(
1 + 2
m2f
M2ZB
)√
1− 4 m
2
f
M2ZB
, (3.63)
with baryon number Bf and mass mf . The branching ratio of ZB as a function of MZB
for mD = 1 TeV and mΨ = mη = 600 GeV is shown in Figure 3.2. We see that for
MZB ≤ 1.2 TeV, the decay to two jets dominates over the tt¯ channel. However, as soon
as the decays to the new fermions Ψ¯Ψ and ηcηc are kinematically allowed, they dominate
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Figure 3.3: The decay width of the leptophobic gauge boson ZB as function of MZB .
because of the three times larger baryon charge of Ψ and ηc. The decay to D¯D is then
only of minor importance. The total decay width of ZB as a function of MZB is given in
Figure 3.3. The leptophobic gauge boson ZB has a large width if the decays to fractional
charged particles are allowed.
However, the theory also predicts new colored and fractional charged fields. If the
colored fields Xµ and SC are stable, they can be produced pairwise via QCD interactions
and we can expect exotic signatures such as the formation of R-hadrons at the LHC [156].
Otherwise, if the fractional charged particles Ψ, Ψc, η, and ηc are stable, we can search for
charged tracks at the ATLAS and CMS detector. Moreover, since there is an additional
gauge boson ZB in the theory compared to the Standard Model, the production process
p p→ γ∗, Z∗, Z∗B → Ψ¯Ψ, η¯η , (3.64)
is enhanced and the experimental bounds on long lived charged particles are stronger [156].
This, however, also opens up the possibility of resonant production of the fractional
charged fermions which can increase the production cross section significantly (compare
discussion in section 2.1.3).
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3.2 444 Unification
The last section was focused on the 433 theory. The 433 theory is the first UV com-
pletion of the Standard Model in four dimensions which can be realized at energy scales
as low as 103−4 GeV. On the other hand, the 433 theory is only an UV completion of the
Standard Model. The theory lacks a common origin of the gauge interactions. It therefore
still remains a mystery why nature chose the gauge group G433. What singles out this UV
complete theory?
In this section, we therefore turn to the gauge group
G444 = SU(4)C ⊗ SU(4)L ⊗ SU(4)R . (3.65)
This theory has the advantage that by enforcing a discrete Z3 symmetry, all gauge inter-
actions are identical. We can hence achieve the unification of the gauge interactions in
contrast to the 433 theory. Note that the bottom-up unification of the Standard Model
gauge interactions in a theory of local baryon number at low energies was discussed in an
earlier work [158] as part of the author’s master thesis.
In the context of the 444 theory, the Standard Model fermions are embedded in
Q ∼ (4, 4¯, 1) , Qc ∼ (4¯, 1, 4) , L ∼ (1, 4, 4¯) .
It is important to appreciate that we do not have to add additional fermions to the theory
for consistency, since it is already anomaly free. In matrix notation the fermionic fields
are given by
Q =
SU(4)L−−−−−−−−−−−−−−−−−−−−→
dr ur Dr χr
db ub Db χb
dg ug Dg χg
Ψd Ψu ΨD χΨ

y SU(4)C =
(
q χ
Ψ χΨ
)
,
Qc =
SU(4)C−−−−−−−−−−−−−−−−−−−−→
dcr¯ d
c
b¯
dcg¯ Ψ
c
d
ucr¯ u
c
b¯
ucg¯ Ψ
c
u
Dcr¯ D
c
b¯
Dcg¯ Ψ
c
D
χcr¯ χ
c
b¯
χcg¯ χ
c
Ψ

y SU(4)R =
(
qc Ψc
χc χcΨ
)
,
L =
SU(4)R−−−−−−−−−−−−−−−−−−−−→
N1 E
+ ν ldc
E− N2 e− luc
νc e+ N3 lDc
ld lu lD N4

y SU(4)L =
L ` lqc`c N3 lDc
lq lD N4
 .
Compared to the 433 theory, the colored multiplets Q and Qc are complemented by the
electrically neutral quarks χ and anti-quarks χc. Moreover, the leptonic bi-triplet has
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evolved to a leptonic bi-quad. The leptonic bi-quad now also incorporates fractional
charged leptons where the electric charge is given by
QEM(lu) = +
2
3
= −QEM(luc),
QEM(ld) = −1
3
= −QEM(ldc),
QEM(lD) = −1
3
= −QEM(lDc) . (3.66)
In addition, the leptonic bi-quad now contains four additional neutral leptons N1, N2, N3,
andN4 per generation compared to left-right symmetric theories with the Standard Model
neutrinos ν and right-handed neutrinos νc. The conserved electroweak charges are still
given by (3.6) and (3.7).
The minimal left-right symmetric Higgs sector which can break G444 to the Standard
Model is given by
Σ ∼ (15, 4, 4¯) , S ∼ (4, 1, 1) , SL ∼ (1, 4, 1) , SR ∼ (1, 1, 4) ,
Φ1 ∼ (1, 4, 4¯) , Φ2 ∼ (1, 4, 4¯) .
We had to introduce SL and SR to break the remnant diagonal abelian symmetry which
remains after Σ breaks G444. Actually, to break the abelian symmetry, only one scalar
field would be needed. However, to conserve the discrete Z3 symmetry necessary for true
gauge unification, we include SL and SR. In the 433 theory, we had to introduce three
scalar bi-triplets to have realistic Standard Model fermion masses without fine-tuning. By
giving Σ non-trivial SU(4)L ⊗ SU(4)R charges, we only have to add two bi-quad scalar
fields.
We can write the fundamental scalars S, SL, and SR in matrix notation as
S =

SrC
SbC
SgC
SB

y SU(4)C , SL =

Sd
c
L
Su
c
L
SD
c
L
Sχ
c
L

y SU(4)L , SR =

Sd
c
R
Su
c
R
SD
c
R
Sχ
c
R

y SU(4)R .
The scalar fields Sq
c
L and S
qc
R carry fractional electric charge, whereas S
χc
L and S
χc
R are
electrically neutral and can acquire vacuum expectation values. The scalar bi-quad can be
written in matrix notation as
Φ =
SU(4)R−−−−−−−−−−−−−−−−−−−−−−→
ϕ01 ϕ
+ H0L ϕdc
ϕ− ϕ02 H
− ϕuc
H0R H
+ φ01 ϕDc
ϕd ϕu ϕD φ
0
2

y SU(4)L =
 ϕ HL ϕqcHR φ01 ϕDc
ϕq ϕD φ
0
2
 .
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Compared to the bi-triplet scalar fields in trinification, the bi-quad scalars Φ1 and Φ2
contain the fractional charged components ϕq and ϕqc , and an additional neutral scalar
φ02. The scalar φ
0
2 contributes to the breaking of SU(4)L ⊗ SU(4)R as it develops a
vacuum expectation value. The electric charges of the fractional charged scalars are given
by
QEM(ϕu) = +
2
3
= −QEM(ϕuc) = −QEM(SucR ) = −QEM(Su
c
L ) ,
QEM(ϕd) = −1
3
= −QEM(ϕdc) = −QEM(SdcR ) = −QEM(Sd
c
L ) ,
QEM(ϕD) = −1
3
= −QEM(ϕDc) = −QEM(SDcR ) = −QEM(SD
c
L ) . (3.67)
The scalar Σ can be decomposed in color space as
Σ =
(
Σ8 Σ3
Σ3¯ 0
)
C
+ ΣΦT
15
C .
The theory hence predicts a color adjoint scalar Σ8, a color fundamental scalar Σ3, and
a color anti-fundamental field Σ3¯. Moreover, the scalar field ΣΦ behaves as the bi-quad
scalars Φ1 and Φ2 and will be responsible for the symmetry breaking.
The symmetry breaking pattern we are considering is given below.
SU(4)C ⊗ SU(4)L ⊗ SU(4)R
SU(3)C ⊗ SU(3)L ⊗ SU(3)R ⊗ U(1)B
SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)B
〈ΣΦ〉 6= 0 〈Φ〉 6= 0
〈SL〉 6= 0, 〈SR〉 6= 0 〈ΣΦ〉 6= 0
The quark interactions in the 444 theory take the simple form
−LQ = QQc(y1Φ1 + y2Φ2 + yΣΣ) + h.c. . (3.68)
In contrast, the leptonic field does not interact with the scalar sector at the renormalizable-
level. Nonetheless, lepton masses can be generated by the dimension five Weinberg oper-
ator
−LL = hnm
Λ
LLΦnΦm +
λnm
Λ
LΦ†nLΦ
†
m + h.c. , (3.69)
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with
LLΦΦ =
1
4
ijklabcdL
i
aL
j
bΦ
k
cΦ
l
d and LΦ
†LΦ† = Lia(Φ
†)iaL
j
b(Φ
†)jb , (3.70)
where we use the convention that SU(4)L indices are written in upper case with {i, j, k, l}
and SU(4)R indices in lower case with {a, b, c, d}. Both couplings hnm and λnm are
symmetric in lepton flavor and in scalar flavor space
hnm = hmn and λnm = λmn . (3.71)
Actually, the charged lepton masses are only generated by the totally asymmetric dimen-
sion five operator. However, there are also two possibilities to generate renormalizable
lepton masses:
• Scenario A: We can add a scalar bi-sextet %
% ∼ (1, 6, 6) ,
which gives rise to the interaction
−LL ⊃ h%nmLnLm% =
h%
4
LiaL
j
b%
ij
ab . (3.72)
Note that % is completely asymmetric
%ijab = −%jiab = %ijba = %jiba , (3.73)
and hence the Yukawa coupling h%nm has to be asymmetric in lepton flavor space,
h%nm = −h%mn.
• Scenario B: Adding a scalar bi-tenplet ς
ς ∼ (1, 10, 10) ,
we find that the following gauge invariant interaction can be included in the La-
grangian of the theory
−LL ⊃ hςLςL = h
ς
2
Liaς
ij
abL
j
b . (3.74)
The bi-tenplet ς is in contrast to the bi-sextet % completely symmetric.
Upon the following generic vacuum expectation value assignment which is inspired by
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our previous discussion in the 433 theory
〈Φ1〉 =

v1 0 0ˆ 0
0 0ˆ 0 0
0ˆ 0 0ˆ 0
0 0 0 0ˆ
 , 〈Φ2〉 =

0ˆ 0 0ˆ 0
0 v2 0 0
vR 0 v33 0
0 0 0 0ˆ
 ,
〈ΣΦ〉 =

vC1 0 0ˆ 0
0 vC2 0 0
vCR 0 v
C
33 0
0 0 0 v44
 ,
the mass terms of the quarks take the form
−LQ ⊃
(
y2v2 +
yΣ
2
√
6
vC2
)
ucu+
(
y2v2 − 3yΣ
2
√
6
vC2
)
ΨcuΨu
+
(
dc Dc
)(y1v1 + yΣ2√6vC1 y2vR + yΣ2√6vCR
0 y2v33 +
yΣ
2
√
6
vC33
)(
d
D
)
+
(
Ψcd Ψ
c
D
)(y1v1 − 3yΣ2√6vC1 y2vR − 3yΣ2√6vCR
0 y2v33 − 3yΣ2√6vC33
)(
Ψd
ΨD
)
+mχχχ
c − 3mχχΨχcΨ , (3.75)
with neutral fermion mass
mχ =
yΣ
2
√
6
v44 . (3.76)
Note that 0ˆ again denotes additional neutral scalar degrees of freedom which could de-
velop a vacuum expectation value.
In order to have a mass separation of the light Standard Model quarks and the new
heavy quarks, large Yukawa couplings are needed. This is due to the fact that the same
couplings in equation (3.75) give mass to the down-type quarks and the exotic fermions
Ψ. If we take the limit of massless down-type quarks, we find the relation
y1v1 = − yΣ
2
√
6
vC1 . (3.77)
The mass of the exotic fermion Ψd is then given by
mΨd = −2
yΣ√
6
vC1 , (3.78)
where vC1 contributes to the electroweak symmetry breaking and is therefore bounded
by vC1 ≤ 174 GeV. With the latest LHC bounds [156], we have to require mΨd ≥ 600
GeV and thus yΣ ≥ 4.2. Similarly, large Yukawa couplings are needed for the different
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leptonic interactions to establish a mass separation of the Standard Model leptons and
the new heavy leptons. Unfortunately, large Yukawa couplings can lead to Landau poles
which signal the breakdown of the theory.
From a theoretical perspective the 444 theory appears to be more appealing at first
glance because of the gauge unification. However, the absence of new heavy quarks and
leptons at the LHC has led to severe constraints on the masses of such new particles [155,
156]. The large Yukawa couplings required in the 444 theory to accommodate for such
heavy new particles makes the theory unattractive.
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3.3 Summary
In this section, we developed the first experimentally valid UV completion of the Stan-
dard Model in four dimensions which can be realized at scales as low as 103−4 GeV.
Note that such a theory radically changes the discouraging picture of conventional Grand
Unified Theories which are untestable at current and future particle colliders.
The first theory we presented was based on the gauge group SU(4)C ⊗ SU(3)L ⊗
SU(3)R and realizes the idea of local baryon number as fourth color. This is also the
only known experimentally valid theory where the Standard Model extension of local
baryon number can be embedded. The 433 theory predicts stable fractional charged and/or
colored fields. As a consequence, the reheating temperature in the early Universe has to
be below the mass scale of these new stable exotic fields. Moreover, the stable exotic
fields lead to striking signals at the LHC such as charged tracks and/or the formation of
R-hadrons.
To close, we discussed a gauge symmetry based on the symmetry group SU(4)C ⊗
SU(4)L⊗SU(4)R. This theory is not only an UV completion of the Standard Model, but
also gives rise to gauge unification as the interactions are indistinguishable upon imposing
a discrete Z3 symmetry. However, this theory requires large Yukawa couplings in order
to be in agreement with experimental bounds from the LHC. Further investigations are
needed to decide if such a theory could be realized in our Universe.
The results of this section allow for a radically different solution to the hierarchy prob-
lem. The enhanced symmetry structure of the 433 theory suppresses proton decay such
that the scale of quantum gravity can be as low as 107 GeV. No further embedding apart
for aesthetic reasons is needed. The 433 theory is valid for arbitrary high energy scales.
We would like to emphasize that the non-abelian nature of the 433 theory also clarifies
the charge quantization of the Standard Model and of the minimal extensions in chapter
2. Furthermore, by introducing a multitude of symmetry breaking scales above the elec-
troweak scale, we find different additional contributions to the Higgs mass. Follow-up
studies are necessary to conclude if a mechanism can relate the different additional Higgs
mass contributions to ensure a natural electroweak scale Higgs mass.
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CHAPTER 4
GLOBAL SYMMETRIES LEADING TO
DARK MATTER - NEW PROBES
WE SAW in section 2.2.1 how an extension of the Standard Model gauge symmetry bylocal baryon number can lead to an explanation of the dark matter in the Universe.
However, in section 3.1.4, we also pointed out that an UV completion of the Standard
Model with gauged baryon number does not have to have a potential dark matter candi-
date. In this section, we will therefore focus on a different type of dark matter candidate
which is however also motivated by new symmetries: axion-like particles.
Axion-like particles are inspired by the QCD axion which was introduced to solve the
strong CP problem. However, we will be especially interested in the distinct feature that
axion-like dark matter can form galactic Bose-Einstein condensates. We will introduce
a new method to test axion-like dark matter with gravitational waves which was first
developed in [5].
4.1 Axion-like Particles
Gerard ’t Hooft noted in 1976 that non-abelian gauge theories have a non-trivial vac-
uum structure [159, 160]. The physical vacuum of a non-abelian gauge theory is the
superposition of infinite degenerate vacuum states. We parametrize the physical vacuum
by the vacuum angle θ which describes the alignment of the degenerate vacuum states. To
account for the non-trivial vacuum structure, we also have to include the following term
to our Lagrangian
L ⊃ −cθg
2θ
32pi2
Tr
(
GµνG˜µν
)
, (4.1)
with the dual field strength tensor G˜µν = (1/2)µναβGαβ and a model dependent di-
mensionless coupling constant cθ. The term Tr(GµνG˜µν) violates the discrete spacetime
symmetries P and T but conserves C. Hence, the term also violates the CP symmetry.
We already encountered CP violation in the Standard Model. By diagonalizing the quark
mass matrix, we introduced the CKM matrix in section 1.1. The CKM phase is the source
of explicit CP violation in the electroweak sector of the Standard Model.
Naively considering the Standard Model gauge group GSM, we would expect two phys-
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ical vacuum angles, an electroweak angle θEW, and a QCD vacuum angle θQCD,
LSM ⊃ −g
2
LθEW
32pi2
Tr
(
W µνW˜µν
)
− g
2
sθQCD
32pi2
Tr
(
GµνG˜µν
)
. (4.2)
However, only θQCD is physical in the Standard Model.
As was already mentioned in section 2.2, the Standard Model has the accidental global
symmetries of baryon and lepton number. These global symmetries are anomalous at the
quantum level. Introducing the baryonic and leptonic currents
JµB =
∑
q
1
3
q¯γµq and JµL =
∑
i=e,µ,τ
(¯`iγ
µ`i + ν¯iγ
µνi) , (4.3)
we find
∂µJ
µ
B = ∂µJ
µ
L = −
3g2L
32pi2
Tr
(
W µνW˜µν
)
− 3g
2
Y
32pi2
Tr
(
BµνB˜µν
)
. (4.4)
Upon the symmetry transformation
QL → e−i
αB
3 QL , `L → e−iαL`L , (4.5)
we thus find that the Lagrangian changes by
δLSM = αB∂µJµB + αL∂µJµL = −
3g2L(αB + αL)
32pi2
Tr
(
W µνW˜µν
)
. (4.6)
Note that the terms proportional to Tr(BµνB˜µν) dropped out because Tr(BµνB˜µν) is a
total derivative. Changing the Lagrangian by a total derivative leads to a surface term of
the action. By choosing appropriate boundary conditions, Bµν → 0 for xµ → ±∞, the
surface term vanishes. This statement is only valid becauseBµν is the field strength tensor
of an abelian gauge symmetry. The expression Tr(W µνW˜µν) is also a total derivative.
However, we cannot choose boundary conditions such that the surface term vanishes due
to the non-trivial vacuum structure of non-abelian gauge theories [161, 162, 163]. By
adjusting the global symmetry transformations to account for
αB + αL = −θEW
3
, (4.7)
we can remove θEW from the Lagrangian. It was noted lately in [164] that in a theory
with explicit baryon and lepton number violation θEW is physical and a new source of CP
violation.
In QCD, the picture is different. There is no global symmetry of QCD which can be
evoked to rotate θQCD away. QCD has the softly broken axial U(1) symmetry
qi → e−iαγ5qi for i ∈ {u, d, s, c, b, t} , (4.8)
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with γ5 = iγ0γ1γ2γ3. The Lagrangian however changes by
δLSM = −3g
2
sα
16pi2
Tr
(
GµνG˜µν
)
+ 2iαq¯mqγ5q . (4.9)
Hence, a rotation given by α = −θQCD/6 would only shift θQCD from the topological term
proportional to Tr(GµνG˜µν) to the quark mass matrix.
Attempts to measure the neutron electric dipole moment have set an upper bound on
θQCD [165] given by
θQCD . 10−10 . (4.10)
Even though it is technically natural to expect θQCD to be small because for θQCD → 0 the
QCD Lagrangian conserves CP , it is puzzling that nature chose such a small quantity.
The question of the origin of such a small value for θQCD was dubbed the strong CP
problem. In principle, there are three known possible solutions.
The first possibility is that the up-quark mass is zero at tree-level and only generated
via non-perturbative processes [166, 167]. The axial symmetry of the up-quark would no
longer be softly broken and thus would then allow us to rotate θQCD away. However, lattice
computations show that the up-quark mass is non-zero and thus this is not considered a
viable solution anymore [168].
The second possible solution is to assume that CP is an exact symmetry of QCD which
is spontaneously broken. To spontaneously break the CP symmetry, a complex scalar
field has to acquire a complex vacuum expectation value. In order to avoid constraints
from electroweak precision measurements and account for a small vacuum angle, the
available models have to be tuned. This makes this possibility less attractive [169, 170,
171, 172].
The preferred solution is to introduce a new anomalous globalU(1)PQ symmetry which
dynamically forces θQCD to be close to zero. The anomalous global U(1)PQ symmetry is
referred to as Peccei-Quinn symmetry [173, 174]. For U(1)PQ to solve the strong CP
problem, we have to introduce at least one scalar field φ which has a non-trivial U(1)PQ
charge and spontaneously breaks U(1)PQ. As an example, we define
φ(x) = ϕ(x)eia(x) with 〈ϕ〉 = fa√
2
. (4.11)
We further have to request that at least one colored field has a non-trivial U(1)PQ charge.
The literature mostly considers the two invisible axion benchmark models KSVZ [175,
176] and DFSZ [177, 178]. By spontaneously breaking the global U(1)PQ symmetry, the
pseudoscalar field a(x) becomes a pseudo Nambu-Goldstone boson. The field a(x) is
referred to as axion field [179, 180]. The axion is only a pseudo Nambu-Goldstone boson
because the colored fields which are charged under the anomalous U(1)PQ symmetry
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introduce a topological term into the Lagrangian
L ⊃ −ξ a(x)
fa
g2s
32pi2
Tr
(
GµνG˜µν
)
, (4.12)
due to the vacuum structure of QCD. This topological term breaks the classical shift
symmetry of the axion field to a discrete shift symmetry
a(x)→ a(x) + 2piN fa
ξ
with N ∈ N+ . (4.13)
Hence, the relevant Lagrangian for the axion dynamics takes the form
L ⊃− θQCDg
2
s
32pi2
Tr
(
GµνG˜µν
)
+
1
2
∂µa(x)∂
µa(x)− ξ a(x)
fa
g2s
32pi2
Tr
(
GµνG˜µν
)
+ Lint (∂a(x)/fa) , (4.14)
where Lint describes the model dependent axion interactions with the fields of the the-
ory [181]. The non-perturbative QCD instantons represented by the topological term
(4.12) generate the effective axion potential
V (a) = Λ4QCD
(
1− cos
(
θQCD +
ξa(x)
fa
))
, (4.15)
where ΛQCD ∼ 220 MeV is the scale of QCD [182, 183]. The minimum of the axion
potential is then given by
〈a〉 = −fa
ξ
θQCD . (4.16)
Thus, by reinserting a = 〈a〉 + aphys. into the Lagrangian (4.14), we remove the CP
violating vacuum angle from the theory [184]. Here, aphys. is the physical axion field.
Note that the QCD instantons generate the topological term and thus also the effective
potential for the axion. This effective potential then forces the axion to remove the QCD
vacuum angle by minimizing the action. The anomalous U(1)PQ symmetry cures the
strong CP problem by exploiting the non-trivial vacuum structure of QCD.
The QCD axion is a valid dark matter candidate. It has no electric charge and the
decay a → γγ is suppressed such that the lifetime of the axion is much larger than
the age of the Universe [183]. The only free parameter of the QCD axion is its mass
ma. Experimental limits from star evolution [185], SN1987a [186] and the cosmological
energy density [183] require
10−5 eV . ma . 1 eV . (4.17)
The QCD axion cannot be produced thermally in the early Universe. A thermal QCD
axion would contribute to the effective number of relativistic degrees of freedom at BBN
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which is already tightly constrained [183]. However, the QCD axion can be produced
non-thermally via the vacuum misalignment mechanism [187, 34, 188]. Expanding the
axion potential (4.15) to first order, we find
V (a) ' m2a
a2(x)
2
, (4.18)
with
m2a = ξ
2
Λ4QCD
f 2a
. (4.19)
The equation of motion of the axion field in the early Universe is then given by
a¨+ 3Ha˙+m2aa = 0 . (4.20)
At early times, H > ma, such that the Hubble friction dominates and the axion field is
frozen at its initial value. At late times, ma > H , the axion field starts to oscillate and
we can interpret the energy density of the oscillations as dark matter [189]. Dedicated
experiments such as ADMX [48] actively search for axion dark matter.
Inspired by the QCD axion, we can also construct extensions of the Standard Model
with more general axion-like particles. Any non-abelian gauge extension of the Standard
Model with an anomalous global symmetry potentially introduces an axion-like particle.
Moreover, it was later recognized that theories with compactified extra dimensions such as
Kaluza-Klein theories and string theories [190, 191] also contain axion-like particles. As
the QCD axion, these new axion-like particles can be interesting dark matter candidates.
Axion-like particles are bosons. In order for these ultralight bosons to account for the
energy density of dark matter, they have to be highly condensed in phase space. Besides,
if the axion-like particles are dark matter, their total number has to be approximately
conserved since dark matter decays have to be suppressed. If the axion-like particles
further thermalize, they can form a Bose-Einstein condensate (BEC). In this context, a
BEC is a single coherent macroscopic wave function with long range correlation [192].
The idea that dark matter halos could be composed of BECs was first developed in [193].
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4.2 Bose-Einstein Condensate Dark Matter
In the last section, we introduced axion-like particles with the example of the QCD
axion. Note that the QCD axion is motivated by an anomalous global symmetry and not
an ad hoc dark matter candidate. Even if there is no remnant symmetry which stabilizes
axion dark matter, the fact that the axion couplings are suppressed by the axion decay
constant oppresses any possible decays.
The possibility that axion-like particles can form BECs opens new doors in dark matter
phenomenology. Ordinary cold dark matter, such as the Majorana leptobaryon χ dis-
cussed in section 2.2.1, is confronted with a number of experimental problems at the
galactic and sub-galactic scale, known as small scale crisis:
• Core vs. Cusp problem: N-body simulations of cold dark matter predict a cusp in
the dark matter density profile of galaxies. However, the measured galactic density
profiles show no cusp but a flat central core [194, 195, 196, 197].
• Missing Satellite problem: Every dark matter halo is accompanied by smaller
halos, the satellite halos. Observations from the Virgo cluster show that much less
accompanying satellite halos are observed than N-body simulations predict on the
scale of galaxy clusters [198, 199, 200, 201].
• Too-big-to-fail problem: The N-body simulations do not only fail to give the cor-
rect number of galaxy cluster satellites, but also the satellites we observe are not as
massive as predicted. Simulations predict such massive satellite halos that we could
not have missed them while already observing smaller halos [202, 203, 204].
BEC dark matter is especially interesting because it has been claimed that BEC dark
matter evades the small scale crisis of cold dark matter. Studies of BEC dark matter
showed that the structure formation on galactic scales is suppressed which is in good
agreement with the dark matter density profiles and satellites we observe [205]. In prin-
ciple, there are two distinct classes of BEC dark matter:
• BEC dark matter without self-interactions: The quantum pressure of the local-
ized particles stabilizes the dark matter halo against gravitational collapse. The de
Broglie wavelength of the axion-like particles thus has to be of galactic size. The
axion-like particles forming a BEC dark matter halo without self-interactions hence
have to be very light
ma ∼ 10−22eV . (4.21)
This scenario is known as fuzzy dark matter in the literature [206, 207, 208, 209,
210, 211]. For a recent review see [212].
• BEC dark matter with self-interactions: A repulsive self-interaction of the axion-
like particles can stabilize the dark matter halo and thus can allow for particles with
smaller de Broglie wavelength [213, 214, 215, 216, 217]. Note that in general
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also an attractive self-interaction is possible. However, such systems tend to be
unstable against gravitational perturbations and are more likely to form smaller
density clumps such as Bose stars [218, 219, 220, 221, 222, 223]. Moreover, it was
argued in [224] that only repulsive self-interactions lead to long-range correlations.
We can estimate the mass range of the axion-like particles by demanding that the
wavelengths of the particles have to be large enough to overlap in order to form a
BEC. We then find
10−22 eV . ma . 1 eV . (4.22)
Axion-like particles with repulsive self-interactions which form a BEC are therefore a
particularly interesting dark matter candidate. The repulsive self-interaction allows for a
broader mass range and much heavier particles compared to fuzzy dark matter. We will
therefore focus on axion-like particles with a repulsive self-interaction in the following
section. Note that due to the axion potential (4.15), the QCD axion always has an at-
tractive self-interaction and thus does not form BEC dark matter halos. For a study of
axion-like particles with a repulsive self-interaction see [217].
So far we have presented an alternative dark matter candidate, axion-like particles with
repulsive self-interaction which form a BEC. However, the question arises: How can we
distinguish this type of dark matter from ordinary cold dark matter?
Proposed methods range from an enhanced integrated Sachs-Wolfe effect [225], tidal
torquing of galactic halos [226, 227, 228], and new effects on the cosmic microwave
background matter power spectrum [229, 230]. However, neither of the considered meth-
ods has yet been successful. In February 2016, the LIGO collaboration announced the
first detection of gravitational waves from a black hole-black hole merger [231]. This
exceptional discovery has paved the way to new experimental methods to explore our
Universe [232, 233]. In the next section, we propose a new method to probe BEC dark
matter composed of bosons with repulsive self-interactions using multi-messenger gravi-
tational wave astronomy.
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4.3 Probing BEC Dark Matter with Gravitational
Waves
We now propose a new method to test for BEC dark matter which consists of bosons
with a repulsive self-interaction utilizing gravitational wave detectors [5]. Note that we
focused our discussion on axion-like particles so far because they are well motivated
particle candidates in a variety of beyond the Standard Model scenarios with anomalous
global symmetries or compactified extra dimensions. However, our discussion on BEC
dark matter is actually more general and in principle addresses all weakly interacting slim
particles (WISPs) [234]. Our discussion thus also applies to light hidden-sector gauge
bosons [235, 236, 237].
We first outline the general idea before turning to the quantitative analysis. We con-
sider a gravitational wave which, for example, was emitted by a black hole-neutron star
merger and passes through a BEC dark matter halo while traveling towards a gravita-
tional wave detector on or around the Earth. A schematic outline of the general idea and
the experimental set-up is shown in Figure 4.1.
While passing through the BEC halo, the gravitational wave scatters coherently in for-
ward direction off the BEC phonons. The scattering induces a refractive index for the
gravitational wave in the BEC medium. Thus, the gravitational wave is slowed down
and does not propagate with the speed of light through the BEC dark matter halo. If the
emitted gravitational wave has an electromagnetic or neutrino counterpart which we can
measure on Earth, we can infer from the measured effective propagation speeds the mi-
croscopic properties of the BEC halo. The non-observation of a difference in the effective
velocities constrains BEC dark matter severely.
To describe general BEC dark matter, we use a classical real scalar field a(x) with the
effective Lagrangian [238]
LBEC = 1
2
∂µa∂
µa− 1
2
m2aa
2 − λaa4 , (4.23)
where λa > 0 to account for a repulsive self-interaction. As the gravitational wave travels
through the BEC dark matter halo, it excites phonon modes [239]. Thus, the gravitational
wave interacts with the BEC medium. Note that such an interaction is unique for BEC
dark matter and does not occur for ordinary cold dark matter. However, gravitational
waves are also slowed down inside ordinary cold dark matter halos or any other energy
density distribution in space. Due to the weakness of the gravitational interaction this
effect is negligible [240, 241]. The phonon modes are excited as the gravitational wave
undergoes coherent forward scattering in the BEC medium.
The optical theorem [242] links the forward scattering amplitude f(0) to the refractive
index
ηg = 1 +
2pinf(0)
k2
, (4.24)
with k being the wave number of the incident wave and n being the number density of
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Figure 4.1: Schematic outline of the general idea how to probe BEC dark matter with
gravitational waves.
scatterers. In general, the refractive index is a complex quantity
ηg = ng − iκg . (4.25)
By entering a medium, the wavelength of the incoming wave changes, λ→ ηg/λ, and as
a result, so does the wave number, k → ηgk. For a spherical wave Ψ = Ψ0e−ikr/r, we
thus find
Ψ0
r
e−ikr → Ψ0
r
e−iηgkr =
Ψ0
r
e−κgkre−ingkr . (4.26)
The complex refractive index ηg leads to two observable effects: The propagation speed
of the wave changes cg = c/ng and the amplitude of the wave is damped by e−κgkr. We
expect the wave absorption to be negligible because the energy of the gravitational wave
does not suffice to excite the massive phonon modes in the BEC medium [239].
The optical theorem does not only link the refractive index ηg to the forward scattering
amplitude f(0), but also the imaginary part of the forward scattering amplitude to the
total scattering cross section
σGWBEC =
4pi
k
Im (f(0)) . (4.27)
Hence, to calculate the refractive index for a gravitational wave in a BEC dark matter
halo from first principles, we would have to calculate the cross section of the gravitational
wave-phonon scattering. Since such a calculation is beyond this work, we estimate the
107
4 Global Symmetries leading to Dark Matter - New Probes
refractive index of the gravitational wave in the BEC dark matter halo by relating the
energy density of the incoming gravitational wave to the energy density of the massless
phonon excitations.
From the Lagrangian given in equation (4.14), we can calculate the stress-energy tensor
T µνBEC =
∂LBEC
∂(∂µa)
∂νa− ηµνLBEC , (4.28)
with η = diag(1,−1,−1,−1). The background energy density ρ0 ≡ T 00BEC and pressure
p0 ≡ T iiBEC are then related by the equation of state [213]
p0 =
3
2
λa
m4a
ρ20 . (4.29)
The speed of sound of the phonon modes can be derived from the equation of state by
cs ≡
(
∂p0
∂ρ0
)1/2
=
(
3λaρ0
m4a
)1/2
. (4.30)
To estimate the energy density of the massless phonon modes, we assume that the dark
matter halo is spherically symmetric. The phonons can therefore be described by an one-
dimensional wave function with hard-wall boundary conditions. The average distance
the gravitational wave propagates through a spherically symmetric halo with radius R is
given by 〈Dhalo〉 = 4R/pi. Therefore, the energy spectrum of the massless phonon modes
is [239]
ωl =
lpics
〈Dhalo〉 with l ∈ N+ . (4.31)
As the gravitational wave travels through the BEC dark matter halo, it excites phonon
modes. The minimum energy density required to excite massless phonon modes is deter-
mined by
∆ρ ≡ na∆ω = napi
2cs
4R
, (4.32)
where na is the number density of phonons in the BEC medium and ∆ω ≡ ωl+1 − ωl.
The energy density of the incoming gravitational wave is given by [243]
ρGW =
1
4
M2Plω
2
GWh
2 , (4.33)
where h is the gravitational wave amplitude and ωGW is the gravitational wave frequency.
Exploiting the linear dispersion relation of gravitational waves, we can relate the change
of the wave number of the gravitational wave in the BEC medium to the minimum exci-
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tation energy density of the massless phonon modes by
∆ρ
ρGW
= 2
∆k
ωGW
. (4.34)
The refractive index of the gravitational wave in the BEC medium is then given by
ng = 1 +
∆k2
2ω2GW
, (4.35)
where ∆k can be thought of as an induced graviton mass if the gravitational wave were
quantized.
A striking feature of BEC dark matter is its predictability. The radius of the dark
matter halo is completely determined by the microscopic properties of the real scalar
field [244, 245, 246]
R = 2pi
√
3λa
MPl
m2a
. (4.36)
The phonon number density in the BEC medium is also determined by the mass of the
axion-like particle ma and the quartic coupling λa [5]
na =
(
6m4a
pi2λa
) 3
4
ζ(3/2) . (4.37)
The energy density distribution of a spherically symmetric BEC dark matter halo is given
by [244]
ρ(r) = ρcr
sin(pir/R)
pir/R
. (4.38)
We hence find ρ(r → 0) = ρcr. Thus, BEC dark matter predicts flat central core densities
and solves the core vs. cusp problem. The average density is completely fixed by the
central density
ρ0 ≡ 〈ρ〉 = 3ρcr
pi2
. (4.39)
We can therefore define the change in the refractive index as the gravitational wave
travels through the BEC dark matter halo as
δng ≡ ng − 1 =
√
3
2
9m6aρcrζ
2(3/2)
8pi3λ
3/2
a h4ω4GWM
6
Pl
, (4.40)
which only depends on the gravitational wave amplitude h and frequency ωGW, central
density of the dark matter halo ρcr, and the microscopic parameters ma and λa. Since
we can measure the central density of dark matter halos with sky surveys and the grav-
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itational wave detectors determine the amplitude h and frequency ωGW of a measured
gravitational wave, we can constrain the (ma, λa)-parameter space for fixed ρcr, h, and
ωGW by constraining the propagation speed of the gravitational wave.
To relate the change of the refractive index to the deviation of the gravitational wave
velocity from the speed of light, we require that the gravitational wave is produced at a
distance D from Earth and encounters a BEC dark matter halo with radius R while trav-
eling to Earth. The fraction of distance which the gravitational wave propagates through
the dark matter halo is then given by
x ≡ 〈Dhalo〉
D
=
4R
piD
. (4.41)
The time necessary for the gravitational wave to arrive on Earth while encountering the
BEC halo is
∆τ = x
D
cg
+ (1− x)D
c
, (4.42)
with cg the propagation speed of the gravitational wave in the BEC medium and the speed
of light c = 1 displayed explicitly. The effective speed with which the gravitational wave
travels the distance D from its source to Earth is
ceff ≡ D
∆τ
=
cg
x+ (1− x)cg . (4.43)
The deviation of the effective gravitational wave velocity with respect to the speed of light
is then given by
δcg ≡ 1− ceff = xδng
1 + xδng
. (4.44)
Hence, we succeeded in relating the measurable change in the gravitational wave velocity
δcg to the microscopic propertiesma and λa of the BEC dark matter for fixed macroscopic
quantities ρcr, D, h, and ωGW.
The best current constraint on the gravitational wave velocity arises from the non-
observation of gravitational Cherenkov radiation [247] and is given by
δcg = 1− cg . 10−15 . (4.45)
However, future multi-messenger experiments have the potential to tighten the bounds
rapidly.
For example, the gamma-ray burst measured by Fermi-GBM [248] 0.4 seconds af-
ter LIGO detected GW150914 [231] gives with a typical time-of-flight analysis [249]
δcg . 10−17 assuming that the gamma-ray burst and the gravitational wave have the same
origin [250, 251, 252]. However, using modified dispersion relations typical for theories
of quantum gravity, much stronger bounds can be deduced, δcg . 10−40 [253]. Even if
the gamma-ray burst measured by Fermi-GBM is probably not correlated to the gravita-
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tional wave GW150914 as suggested by recent analysis [254, 255, 256, 257, 258, 259,
260] and the non-observation of a gamma-ray burst at AGILE [261], INTEGRAL [262],
and SWIFT [263], this example demonstrates what can be expected from future multi-
messenger searches.
During the preparation of this thesis, the LIGO and VIRGO collaborations announced
the detection of a fourth gravitational wave. For the first time, a gravitational wave was
detected by a three-detector network. The improved angular sky resolution is crucial for
successful multi-messenger astronomy in the future [264].
In Figure 4.2, we numerically evaluate the relation (4.44) and constrain the (ma, λa)-
parameter plane for fixed ρcr, D, h, and ωGW. The central halo density was thereby fixed
to ρcr = 0.04M/pc3 with solar mass M [265]. In the upper panel, we further fixed
D = 400 Mpc, f = 35 Hz and h = 10−21 to illustrate the experimental reach of LIGO.
The measured frequency f is related to the angular frequency of the gravitational wave
via wGW = 2pif . The experimental limits eLISA can enforce on BEC dark matter with a
repulsive self-interaction are displayed in the lower panel of Figure 4.2 for D = 3 Gpc,
f = 1 mHz and h = 10−20.
Studies of galaxy cluster collisions [266, 267, 268, 269, 270] and dark matter halo
shapes [265, 271, 272, 273, 274] have severely constrained the dark matter self-interaction
cross section per mass, σ/m ∼ (0.01− 1)cm2/g. The allowed region is given by the blue
band in Figure 4.2.
Furthermore, the rotation curves of dark matter dominated low surface brightness galax-
ies and dwarf spheroidal galaxies have narrowed the allowed range of BEC dark matter
halo radii, R ∼ (0.5 − 10) kpc [215, 244, 275, 276, 277]. Via equation (4.36), we can
translate this bound to a constraint in the (ma, λa)-parameter space. The allowed range of
dark matter halo radii is given by the green band in Figure 4.2. The physically preferred
point which is in agreement with the constraints on the dark matter self-interaction per
mass and on the dark matter halo radii is indicated by a yellow square. Moreover, we
regard any dark matter halo radii larger than one Mpc as nonphysical [244, 272]. Hence,
the upper left region of the (ma, λa)-parameter space is ruled out as indicated by the light
purple shaded region in Figure 4.2.
A particular strong constraint can be derived from the effective number of relativistic
degrees of freedom in the early Universe. Latest Planck results have put an upper limit on
the additional relativistic degrees of freedom compared to the Standard Model, ∆Neff .
0.39 [20]. The bound on ∆Neff is highly relevant for our discussion because a(x) is an
extremely light bosonic particle and hence will potentially alter ∆Neff . The scalar field
a(x) behaves as radiation and contributes to ∆Neff if the scalar potential is dominated by
the quartic interaction, V (a) ∼ λaa4. We therefore have to make sure that the transition
from the radiation-like epoch of a(x) to the matter-like epoch where the quadratic mass
term dominates the scalar potential, V (a) ∼ (m2a/2)a2, has terminated before BBN [215,
277, 278]. We can derive a lower limitm/λ1/4 & 8.5 eV from the considerations in [215].
In Figure 4.2, we translated the limit from ∆Neff to an upper bound on λa(ma) as indicated
by the dashed black line. Note that the current Planck limit for ∆Neff is already in conflict
with the physical preferred point. To rule out the suggested region by observed dark matter
halo radii, we would have to measure ∆Neff to the precision of ∆Neff . 0.12.
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Figure 4.2: Constraints on λa(ma) for BEC dark matter with a repulsive self-interaction.
The upper panel shows the constraints LIGO can enforce on the quartic self-
interaction λa as a function of ma for an upper bound of δcg . 10−20 (red
shaded region) and δcg . 10−37 (yellow shaded region). The lower panel
considers the future gravitational wave experiment eLISA. For future upper
bounds of δcg . 10−17 (red shaded region) we can exclude yet unconstrained
parameter space and for δcg . 10−24 (yellow shaded region) we are able to
exclude BEC dark matter with repulsive self-interactions at eLISA. See the
text below for a discussion of the different constraints shown.
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In addition, a theoretical lower bound on λa(ma) can be derived from the relaxation
time of the BEC halo. If the relaxation time of the BEC halo is larger than the age of
the Universe, then the observed dark matter halos could not have formed [221, 279, 280].
Thus, the lower sand colored region in Figure 4.2 is excluded.
Furthermore, a relative weak constraint can be derived from the binary black hole
merger event GW150914 detected by LIGO [231]. Assuming that the temperature of
the BEC is comparable to the temperature of the visible Universe, we can require that the
critical temperature below which a BEC forms, Tc = (24m2a/λa)
1/2 [281, 282, 283], is
above the temperature of the Universe at redshift z = 0.1 when the gravitational wave
GW150914 was emitted. The upper bound on λa(ma) from the critical temperature is
given by the dark purple region in Figure 4.2.
We can infer from the upper panel in Figure 4.2 that if future multi-messenger networks
such as AMON [284] are able to constrain the velocity of gravitational waves with a pre-
cision of δcg . 10−37, we can rule out BEC dark matter with a repulsive self-interaction
with LIGO. The lower panel shows that in order for eLISA [285] to probe BEC dark
matter with a repulsive self-interaction thoroughly, the multi-messenger searches have to
constrain the propagation speed of gravitational waves at the level of δcg . 10−24.
In our discussion, we always assumed that the gravitational wave passes through a
dark matter halo on its way to Earth. However, we can make sure that the gravitational
wave encountered a dark matter halo by considering the deflection angle of a photon in
a multi-messenger signal due to gravitational lensing [243]. The physical preferred point
in Figure 4.2 corresponds to a dark matter halo with R ∼ 1 kpc. Such a dark matter halo
leads to a measurable deflection angle of δθdef ' 10−7.
Moreover, equation (4.40) shows that the refractive index of a gravitational wave in a
BEC is larger for lower frequency waves. This has the slight disadvantage that the Shapiro
time delay is also larger for low frequency gravitational waves [286, 287, 288, 289, 290].
Therefore, the measured time delays in multi-messenger searches in the physically inter-
esting region have to be handled with extra care for eLISA [285] and IPTA [291] which
are in the low frequency regime.
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4.4 Summary
In this section, we introduced axion-like particles as potential dark matter candidates.
Axion-like particles are a well motivated extension of the Standard Model and can origi-
nate from anomalous global symmetries or compactified extra dimensions. Furthermore,
axion-like particles have the striking feature to potentially form BECs of galactic size.
These BEC dark matter halos are a possible solution to the cold dark matter small scale
crisis. Due to the similarities in large scale structure formation, it is difficult to distinguish
BEC dark matter from ordinary cold dark matter.
We therefore propose a new method to probe BEC dark matter with repulsive self-
interactions using gravitational waves. A gravitational wave traveling through a BEC dark
matter halo is slowed due to the interactions of the gravitational wave with the phonon
modes. The interactions induce a refractive index. By measuring the time delay between
a gravitational wave signal and an electromagnetic or neutrino counterpart in a multi-
messenger search, we can constrain the deviation of the gravitational wave velocity from
the speed of light. As BEC dark matter is extremely predictable, we can test the BEC
dark matter paradigm for fixed macroscopic quantities: central dark matter halo core
density ρcr, gravitational wave amplitude h and frequency f , and the distance D of the
source of the multi-messenger signal from Earth. Constraining the gravitational wave
propagation to the order of δcg . 10−37 would potentially rule out BEC dark matter at
LIGO. However, eLISA has the potential to probe the interesting region of parameter
space already for δcg . 10−24.
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CHAPTER 5
INTERWEAVING GLOBAL SPACETIME
AND PARTICLE SYMMETRIES
WHERE do we stand in theoretical particle physics? We have lots of prominent prob-lems which should require a beyond the Standard Model solution. Some of the
problems addressed in the previous chapters were the hierarchy problem, dark matter,
neutrino masses, and proton stability. There are also problems such as the smallness of
the cosmological constant which we neglected. However, the truth is that our favorite
solutions to the hierarchy problem and dark matter which we thought are linked to the
electroweak scale, supersymmetry and WIMPs, have yet not been found. Furthermore,
their theoretical charm starts to crumble as we are forced to reduce couplings and increase
masses to reconcile these theories with our experimental observations.
How should we go on with theoretical particle physics? We do not know. The break-
down of unitarity of the WW scattering amplitude was a guarantee that we could expect
new physics at the electroweak scale and we found new physics: the Higgs boson. How-
ever, we do not have such a guarantee for future experiments. As our current ideas are
tested and start to fail us, it seems mandatory that we open-mindedly also pursuit new
ideas.
In this chapter, we want to introduce such a new idea. In contrast to low scale supersym-
metry or WIMPs, this beyond the Standard Model approach is not directly linked to the
electroweak scale. However, in this thesis, we advertised the ideas of low scale unifica-
tion and axion-like dark matter such that we already decoupled the hierarchy problem and
dark matter from the electroweak scale. We propose to move away from 4-dimensional
Minkowski spacetime and investigate new possibilities. As a guiding principle, we re-
quire that the new spacetime structure should allow for the mixing of global internal and
external symmetries. Internal symmetries are the conventional particle symmetries which
we focused on in the previous sections such as global baryon number or the Peccei-Quinn
symmetry, whereas external symmetries are the global spacetime symmetries. The global
spacetime symmetry group associated with the conventional 4-dimensional Minkowski
spacetimeM4 is the Poincaré group P(1, 3). We expect that in a truly fundamental the-
ory the same analytic equations should describe spacetime and particles. Thus, the truly
fundamental theory should also not distinguish between internal and external symmetries.
The famous Coleman-Mandula “no-go” theorem [66] shows under general assump-
tions that the full global symmetry group of a relativistic interacting theory has to factor
into internal and external symmetries. The conventional way to circumvent the Coleman-
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Mandula theorem is to move from ordinary symmetry algebras to graded symmetry al-
gebras and thus introduce supersymmetry [292]. We will review the Coleman-Mandula
theorem in the next section and point out different theoretical concepts which also allow
us to mix global spacetime and particle symmetries without supersymmetry. Finally, we
will discuss a new approach to spacetime and explicitly demonstrate the mixing of global
internal and external symmetries in a toy model. We thereby focus on theories where
spacetime is the direct product of 4-dimensional Minkowski spacetime and d orthogonal
space-like dimensions. The toy model we construct shows how the three Standard Model
generations and the fermion masses could be related to hidden spacetime symmetries.
The ideas of this chapter are based on [6].
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5.1 Coleman-Mandula Theorem
The Coleman-Mandula theorem is a general theorem of scattering theory [66]. We
assume that the space of physical states is a Hilbert space which can be written as the
direct sum of n-particle Hilbert spaces
H = H(1) ⊕H(2) ⊕ . . . , (5.1)
withH(n) being the symmetrised Hilbert space from n one-particle Hilbert spaces
H(n) = H(1) ⊕ · · · ⊕ H(1)︸ ︷︷ ︸
n-times
. (5.2)
We then define the S-matrix as unitary operator on the Hilbert space H which describes
scattering
S = 1− i(2pi)Dδ(D)(p− p′)T , (5.3)
where D is the number of spacetime dimensions and T the transition matrix.
For an unitary operator U on H to be a symmetry transformation of the S-matrix the
following requirements have to be fulfilled:
(i) U maps one-particle states into one-particle states.
(ii) U acts on many particle states through the tensor product representation of one-
particle states.
(iii) U commutes with S, [U, S] = 0.
The Coleman-Mandula theorem then states if G is a connected symmetry group of the
S-matrix and
(I) G has a subgroup which is locally isomorphic to the Poincaré group,
(II) all physical particles have positive definite mass and there exists only a finite num-
ber of particles below an energy threshold Emax,
(III) the S-matrix is an analytic function of the Mandelstam variables s and t,
(IV) the S-matrix is non-trivial at almost all energies,
(V) generators of G are representable as integrals in momentum space,
then G is locally isomorphic to the Poincaré group times an internal symmetry group.
The Coleman-Mandula theorem is a technical theorem. We will first try to convey the
physical intuition [293, 294] of the theorem before turning to a more detailed sketch of the
proof. Nevertheless, the interested reader is directed to [66, 295, 296] where the proper
mathematical proof can be found.
To develop a physical intuition, we consider a 2→ 2 scattering process. The scattering
process depends on the initial and final momenta. Thus, we would expect that the 2→ 2
scattering is described by 16 independent parameters in four dimensions. However, the
scattering amplitude describing the scattering process has to respect the global spacetime
symmetries which reduces the 16 independent parameters of the initial and final momenta
to two independent parameters in 4-dimensional Minkowski spacetime.
The first condition we have to impose onto the scattering amplitude is Lorentz invari-
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ance and hence the amplitude has to be a Lorentz scalar. Secondly, we want to con-
sider the scattering of physical particles and therefore the initial and final momenta have
to be on the mass-shell. Finally, the 2 → 2 scattering process has to respect energy-
momentum conservation. Counting the degrees of freedom and the imposed restrictions
from Minkowski spacetime, we arrive at the known result that a 2→ 2 scattering process
in d+ 1 dimensions with d > 1 only depends on the Mandelstam variables s and t.
If we would further demand that the scattering amplitude has to respect additional mo-
mentum dependent symmetries, only discrete values of s and t would be allowed. How-
ever, this is in conflict with our experimental observations where we find a continuous
dependence of scattering on s and t. We therefore have to conclude that any further re-
strictions on the scattering amplitude have to be momentum independent. The generators
of such a momentum independent symmetry transformation would commute with the mo-
mentum generators and would thus be named internal symmetries. We therefore arrive at
the conclusion that the general symmetry structure of the S-matrix is given by
G→ P(1, 3)⊗ “internal symmetries” , (5.4)
where P(1, 3) is the Poincaré group in 3 + 1 dimensions.
The proof of the no-go theorem as carried out by Coleman, Mandula [66], and later
Weinberg [296] is tedious. Here, we will only go through the general structure and present
the most important steps. We assume that A is a symmetry generator of the S-matrix and
thus
〈p′| [S,A] |p〉 = 0 . (5.5)
The symmetry generator A should be a Lorentz invariant quantity and hence the operator
U †(Λ, a)AU(Λ, a) should also be an element of the algebra spanned by the symmetry
generators of S where U(Λ, a) is the unitary operator that implements Poincaré transfor-
mations on the physical Hilbert space H(1) of one-particle states. We can then define the
operator
f · A =
∫
d4aU †(1, a)AU(1, a)f˜(a) , (5.6)
to explore how internal symmetries can modify the translational invariance of the sym-
metry generator A where f˜ is the Fourier transformed of a test function f . After a short
calculation we find
f · A |p〉 =
∫
d4 k |k〉 〈k| f · A |p〉 =
∫
d4 k |k〉 f(k − p)A(k, p) , (5.7)
where we definedA(k, p) = 〈k|A |p〉. Translational invariance of the symmetry generator
A restricts the general test function f only to depend on the difference of the initial and
final 4-momenta.
The matrix element A(k, p) is only non-vanishing if both 4-momenta p and k are on
the mass-shell. We can now choose a region ∆ in momentum space such that both p and
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p+ ∆ are on the mass-shell and ∆ 6= 0. Furthermore, we choose the test function f such
that f 6= 0 only for a sufficient small region around ∆. We would therefore find
f · A |p〉 = f(∆)A(p+ ∆, p) |p+ ∆〉 , (5.8)
where the modified symmetry generator f ·A now connects the two states |p〉 and |p+ ∆〉.
In general, if we choose ∆ to be small, we will find for a 2→2 scattering process which
obeys energy momentum conservation, p+q = p′+q′, that the momenta q+∆, q′+∆ and
p′ + ∆ are not on the mass-shell. Hence, the matrix elements A(q + ∆, q), A(q′ + ∆, q′)
and A(p′ + ∆, p′) have to vanish. If we demand that the modified symmetry generator
f ·A should also be an element of the algebra spanned by the symmetry generators of the
S-matrix, then f · A has to commute with S which leads for a 2→2 scattering process to
the relation
〈p′ q′|S
(
f · A |p〉 ⊗ |q〉+ |p〉 ⊗ f · A |q〉
)
=
(
〈p′| f · A⊗ 〈q′|+ 〈p′| ⊗ 〈q′| f · A
)
S |p q〉 , (5.9)
which simplifies to
〈p′ q′|S f · A |p〉 ⊗ |q〉 = f(∆)A(p+ ∆, p) 〈p′ q′|S |p+ ∆ q〉 = 0 . (5.10)
If the S-matrix would vanish for this scattering process, it would vanish for all scattering
processes since we assumed that the S-matrix is an analytic function of the Mandelstam
variables s and t. We can therefore always vary q, q′ and p′ to continuously describe
all possible values of s and t. This is in contradiction with the assumption of non-trivial
scattering for almost all energies. We thus have to conclude thatA(p+∆, p) has to vanish.
There are two loopholes to prevent A(p+ ∆, p) from being trivial.
• A commutes with P µ: The matrix elements of the modified symmetry operator
now take the form
〈p′| f · A |p〉 =
(∫
d4af˜(a)
)
〈p′|A |p〉 . (5.11)
The matrix elements of the symmetry generator A are now modified by a mo-
mentum independent constant. This momentum independent constant would corre-
spond to an internal symmetry.
• Equal initial and final momentum: We neglected the possibility of ∆ = 0. The
matrix element A(p′, p) is then only allowed to be non-vanishing for p = p′ and
thus could be parametrized by
A(p′, p) = δ(4)(p′ − p) a(p′, p) . (5.12)
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The matrix elements of the modified symmetry generator f ·A would then take the
form
〈p′| f · A |p〉 = f(0) a(p, p) , (5.13)
and the modified symmetry generator f · A is hence given by
f · A |p〉 = f(0) a(p, p) |p〉 . (5.14)
We have just proven a powerful theorem already discovered by O’Raifeartaigh [297]:
symmetry transformations cannot connect particles on different mass-shells. More gen-
eral, a matrix element of a generator of the symmetry group of the S-matrix is only non-
vanishing for equal initial and final 4-momenta. The matrix elements of the symmetry
generators therefore have to be proportional to the delta distribution or derivatives of the
delta distribution
〈p′|A(N) |p〉 =
N∑
n=0
A(n)(p)µ1...µn
∂
∂pµ1
. . .
∂
∂pµn
δ(4)(p′ − p) , (5.15)
with
A(n)(p)µ1...µnδ
(4)(p′ − p) = 1
n!
〈p′| [Pµ1 , [Pµ2 , . . . [Pµn , A(n)]]] |p〉 . (5.16)
The proof of the Coleman-Mandula theorem now reduces to the discussion of the dif-
ferent cases N = 0, N = 1, and N > 1.
• N = 0: The generators of the symmetry group are linear in the momentum
A(0) = aµP
µ + b I+B , (5.17)
where B are generators of an internal symmetry group of the S-matrix which com-
mute with the generators of the Poincaré group. The generatorsB have to transform
trivially with respect to the Poincaré group due to the fact that the Poincaré group
is non-compact and hence has no non-trivial finite-dimensional unitary representa-
tion. Non-relativistic theories which are only restricted by the Galilei group which
is compact evade this constraint. This is precisely the loophole in the Coleman-
Mandula theorem which we will later exploit with d orthogonal “non-relativistic”
space-like dimensions.
• N = 1: The generators of the symmetry group generate the Poincaré algebra
A(1)(p, p) = aµνJ
µν + A′(0)δ(4)(p′ − p) , (5.18)
where Jµν are the generators of the homogeneous Lorentz group.
• N > 1: The symmetry generators with more than one derivative acting on the delta
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distribution vanish.
This completes the proof of the Coleman-Mandula theorem and can be extended from the
4-dimensional Poincaré group to the (d+ 1)-dimensional Poincaré group [295].
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5.2 Living without Supersymmetry
In the last section, we studied the Coleman-Mandula theorem. Now, we want to point
out possibilities to circumvent the Coleman-Mandula theorem and allow for a mixing
of internal and external symmetries. The preferred way around the no-go theorem is to
introduce Grassmann coordinates and promote spacetime to a superspace [292]. However,
since the concept of supersymmetry could not yet be experimentally verified, we want to
explicitly focus on loopholes of the theorem which do not require supersymmetry.
• Non-local interactions: An underlying assumption of the Coleman-Mandula the-
orem is the existence of point-like fundamental particles and local interactions. We
can therefore not apply the theorem to theories with extended fundamental objects.
String theory is such an example. The Coleman-Mandula theorem does not hold
for p-brane scattering [294]. Moreover, there are also attempts to construct string
theories without supersymmetry [298].
Non-local interactions also arise in theories with a fundamental length scale. Such
a minimal length scale as the quanta of spacetime [299] seems to be very plau-
sible when combining general relativity and quantum theory. A naive quantum
mechanical treatment of a fundamental length scale reveals that the Hilbert space
representations are no longer orthogonal due to the “fuzziness” of spacetime [300].
An example for theories with a fundamental length scale are κ-Poincaré algebras
which are also linked to non-commutative spacetimes and exhibit non-linear com-
mutation relations [301, 302]. However, a fully consistent quantum field theory
with a fundamental length scale has not yet been found.
• Local Spacetime Symmetries: When considering particle symmetries, quantum
gravity suggest that we should move from global symmetries to local symmetries
(see the discussion in section 2.2). Inspired by this approach, we could also pro-
mote the global spacetime symmetries to local symmetries as is done in theories
of loop quantum gravity for example. The Coleman-Mandula theorem is only ap-
plicable for global symmetries. Thus, non-trivial vacuum expectation values of the
metric and Yang-Mills gauge fields can spontaneously break the local spacetime
symmetries and evade the no-go theorem [303]. The unification of local particle
and spacetime symmetries was studied in [304].
• Modified Dispersion Relations: The constant improvement of technology may
make the experimental testing of theories of quantum gravity achievable in the
future. A large class of quantum gravity models predict the modification of the
relativistic dispersion relation at high energies [305, 306]. Such modified disper-
sion relations could be the first experimental hints for a theory of quantum gravity.
Moreover, modified dispersion relations can indicate the breakdown of the Lorentz
invariance of the theory. As relativistic Minkowski spacetime with global Poincaré
symmetry is one of the fundamental concepts entering the Coleman-Mandula theo-
rem, a deviation of this spacetime structure has the potential to evade the theorem.
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However, whether mixing of global internal and external symmetries is feasible or
not depends on the explicit structure of spacetime at high energies.
• Effective Spacetime: The spacetime we observe around us could only be a low
energy realization of a more fundamental spacetime concept. Intrinsically non-
relativistic Lifshitz theories received a lot of attention in recent years. This interest
was triggered by Horˇava in 2009 who showed that quantum gravity becomes power-
counting renormalizable in (3 + 1)-dimensional Lifshitz spacetime for a dynamical
critical exponent of z = 3 at high energies [307]. A general discussion of deviating
from Lorentz symmetry in the UV to regulate quantum field theories can be found
in [308]. Lifshitz spacetime is not invariant under Lorentz boosts and thus breaks
Lorentz invariance explicitly. Therefore, Lifshitz theories are a good framework
to study the possibility of mixing internal and external symmetries. However, Lif-
shitz theories also face problems reproducing the measured approximate Lorentz
invariance at low energies [309].
Moreover, theories which introduce d additional space-like dimensions can induce
new effective spacetime structures as well. As an example, we will discuss theories
which rely on a direct product structure of spacetime such that orthogonal non-
relativistic extra dimensions can have global external symmetries which mix with
global internal symmetries.
To summarize, we see that a variety of different ideas are available to enable a mixing of
global internal and external symmetries without supersymmetry. All discussed concepts
change the underlying assumptions of the Coleman-Mandula theorem about spacetime
or fundamental particles. In the next section, we will modify the spacetime structure
and demonstrate how spacetime symmetries can induce particle symmetries. Finally, we
show how internal and external symmetries can mix to explain the three Standard Model
generations.
123
5 Interweaving Global Spacetime and Particle Symmetries
5.3 Emerging Symmetries from Hidden Spaces
In 1937, Eugene P. Wigner developed a theory to describe the interactions of protons
and neutrons [310]. Wigner introduced a SU(4) invariant Hamiltonian where the SU(4)
symmetry mixes flavor and spin degrees of freedom. The eigenspace of the Hamiltonian
was therefore spanned by the set {|p ↑〉 , |p ↓〉 , |n ↑〉 , |n ↓〉}. Note that since Wigner
was focusing on interactions of nuclei, he was using a non-relativistic Hamiltonian.
Later, in the early 1960s, the SU(3) flavor symmetry of Gell-Mann and Ne’eman suc-
cessfully described the interactions of various strongly interacting particles [311, 312].
This SU(3) flavor symmetry for fixed spin could then be extended to a non-relativistic
SU(6) model where flavor and spin degrees of freedom are again mixed [313, 314,
315, 316, 317]. This development then led to attempts to construct a fully relativistic
SU(6) theory [318, 319, 320]. Promptly, several authors however pointed out various
theoretical difficulties of such a relativistic SU(6) theory [321, 322, 323]. A number
of no-go theorems were the consequence with the Coleman-Mandula theorem being the
strongest [324, 325, 326, 327, 297, 66].
The shortage of the relativistic theories to incorporate spin dependent symmetries roots
in the fact that the semi-simple part of the Lorentz group is non-compact, SO(1, 3).
Lorentz boosts are unbounded and thus there exist no non-trivial unitary finite-dimen-
sional representations of the Lorentz group. Wigner’s SU(4) theory does not lead to
inconsistencies because it is a non-relativistic theory where spacetime is described by the
Galilean symmetry group. The semi-simple part of the Galilean group is given by SO(3)
and hence is compact, allowing for non-trivial unitary finite-dimensional representations.
In this section, we first introduce the concept of hidden spacetime symmetries by con-
sidering additional conserved momenta in the direction of extra dimensions. In the dis-
cussion of the Coleman-Mandula theorem in section 5.1, we argued that any further mo-
mentum dependent restrictions on the scattering amplitude on top of Lorentz invariance
would only allow for discrete Mandelstam variables s and t in four dimensions. However,
by introducing d space-like extra dimensions such that the global spacetime symmetry
group factors into a direct product of the 4-dimensional Poincaré group and the symmetry
group of the extra dimensions, we can demand that the scattering amplitude conserves
charges which depend on the momentum in the extra dimensions without discretizing the
scattering process.
Our discussion of the Coleman-Mandula theorem focused on the scattering of scalar
degrees of freedom. However, we know from our experimental observations that not
all particle wave functions transform trivially with respect to Lorentz transformations.
There exist particles with spin in nature and these transform non-trivially with respect to
spacetime rotations. Could therefore the symmetries of the S-matrix depend on the spin
of the incoming and outgoing particles?
Inspired by Wigner’s SU(4) theory, we will introduce space-like extra dimensions
which transform under rotations with respect to a compact symmetry group. Particles
which transform non-trivially with regard to spacetime rotations in the extra dimensions
will therefore have a hidden spin. As we demand that the rotations are described by a
compact symmetry group, we will be allowed to combine particles with different hidden
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spin in the the same multiplet and thus finally mix spacetime and particle symmetries.
Translational Symmetries
To circumvent the Coleman-Mandula theorem, we are considering a D-dimensional
spacetime with D = 4 + d. Furthermore, we require the d extra dimensions to be space-
like to evade consistency issues related to causality [328, 329]. Finally, we assume that
spacetime factors into the direct product of 4-dimensional Minkowski spacetimeM4 and
a d-dimensional hidden space Σd
M4 × Σd . (5.19)
As a consequence the global spacetime symmetry group also factors
P(1, 3)⊗Gd , (5.20)
where P(1, 3) is the 4-dimensional Poincaré group and Gd is the symmetry group of Σd.
We first start by discussing translational invariant extra dimensions. Then, Noether’s
theorem [56] guarantees that the (4 + d)-dimensional momentum defined as
PA =
∫
d3x ddy T 0A , (5.21)
with A = (0, 1, . . . , D − 1), energy-momentum tensor TAB, and spacetime coordinates
zA = (xµ, ya) with µ = (0, 1, 2, 3) and a = (4, . . . , D − 1) is conserved
∂0P
A = 0 . (5.22)
Moreover, we assume that the particle mass
m2 = P †AP
A with A = (0, 1, . . . , D − 1) , (5.23)
commutes with all symmetry group generators and is therefore a well-defined constant for
all irreducible representations. The energy-momentum relation in D-dimensional space-
time is then given by
E2 = m2 + |~p|2 + (p24 + · · ·+ p2D−1) . (5.24)
This simple example already shows that the notion of internal and external symmetries
changes as we move from four dimensions to D dimensions. Due to the required trans-
lational invariance of Σd, scattering processes have to respect the additional momentum
conservation and thus scattering processes such as
(~pA, pD) + (~pB, 0)→ (~pA, 0) + (~pB, 0) , (5.25)
would be forbidden. From a 4-dimensional perspective the momentum generators P a with
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a ∈ (4, . . . , D − 1) commute with the generators of the 4-dimensional Poincaré group.
Therefore, the 4-dimensional Mandelstam variables s and t are not discretized by this
additional conserved charge and nothing indicates a momentum dependence. Naively,
we would therefore categorize the conserved charge as momentum independent in four
dimensions and thus related to a new internal symmetry. Hence, the scattering process
alone cannot reveal the true nature of the new conserved charge.
Note that this is not a contradiction to the Coleman-Mandula theorem. The Coleman-
Mandula theorem is a theorem considering 4-dimensional Minkowski spacetime and not
product spacetimes. The above example illustrates that the general symmetry group of
the S-matrix can also factor as
G→ P(1, 3)⊗Gd ⊗ “internal symmetries” . (5.26)
Thus, the factorization of the total global symmetry group of the theory can also include
additional spacetime symmetries.
Kaluza-Klein number in theories with universal extra dimensions [330, 331] is an ex-
ample of such additional spacetime symmetries. We only observe four large dimensions.
Therefore, the extra dimensions have to be compactified to be phenomenologically vi-
able. Hence, the translational invariance of the extra dimensions is explicitly broken and
Kaluza-Klein number is therefore only a discrete quantum number. Moreover, theories
with fermions require orbifolding which further breaks Kaluza-Klein number to Kaluza-
Klein parity [331]. Such discrete symmetries arising from momentum conservation in
extra dimensions could also explain the stability of dark matter [332, 333].
Rotational Symmetries
After starting the discussion with translational invariant spacetimes, we now move to
rotational invariant additional spacetimes. Our observed 4-dimensional world is transla-
tional and rotational invariant. Therefore, it seems plausible that a hidden space could
also have these properties. To define a rotation in the hidden space, we need at least two
extra dimensions. For simplicity, we will thus assume that the product spacetime is given
by
M4 × R2 . (5.27)
The spacetime symmetry group is then
P(1, 3)⊗ (R2 o SO(2)) , (5.28)
where G2 = R2 o SO(2).
Because of the two extra dimensions, we now find two conserved momenta
∂0P
4 = 0 and ∂0P 5 = 0 , (5.29)
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and one conserved angular momentum
∂0L
45 = 0 , (5.30)
where L45 = y4p5 − y5p4. When considering particle scattering, we can always define
a reference frame where the initial angular momentum vanishes. Therefore, we neglect
the angular momentum conservation in the following. However, an additional conserved
angular momentum could lead to observable effects in the thermal plasma in the early
Universe.
We can define a rotation matrix R45(θ) in Σ2 = R2 as(
y′4
y′5
)
=
(
cos(θ) −sin(θ)
sin(θ) cos(θ)
)(
y4
y5
)
, (5.31)
with rotation angle θ. A general particle wave function which transforms according to a
non-trivial representation of SO(2) will then transform as
Ψ(xµ, y4, y5)→ e−iθsh Ψ(xµ, y4, y5) , (5.32)
with sh ∈ R the “hidden” particle spin. Thus, the particles in the two extra dimensions
behave as anyons. From a 4-dimensional point of view, the wave function transforms
according to an internal U(1) symmetry as the rotation generator of R45(θ) commutes
with all generators of P(1, 3). The 4-dimensional U(1) charge is then just given by the
hidden spin of the particle. In contrast to the previous section, the hidden spin does not
enter the energy-momentum relation and it is therefore even more difficult to distinguish
global internal U(1) symmetries from simple rotational symmetries in the hidden space.
Rotational symmetries in extra dimensions which induce symmetries in the 4-dimen-
sional theory were considered in studies of the compactified chiral square [334, 335].
However, due to orbifold boundary conditions, the global U(1) symmetry is broken to a
discrete Z8 symmetry. Such hidden rotational symmetries could also be an explanation
for the stability of the proton [335].
Mixed Symmetries
In the last section, we saw how external symmetries in a higher dimensional spacetime
can induce global seemingly internal symmetries in the 4-dimensional theory. The in-
duced U(1) symmetry in the last section was a byproduct of the fact that the particle wave
function is in a representation of the spacetime symmetry group which transforms non-
trivial with respect to rotations in the hidden space. However, we are not only searching
for induced internal symmetries, but also for new spacetime concepts which allow a mix-
ing of internal and external symmetries without supersymmetry. Therefore, we propose
to interpret particles as irreducible representations of the product spacetime M4 × Σd.
Hence, we have to assume that spacetime is not an ordinary manifold, but arises effec-
tively from a more fundamental theory. Furthermore, we have to be able to locally dis-
tinguishM4 and Σd. The more fundamental theory thus must have provided additional
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structure such as a condensate. Note especially that such a theory cannot be realized by
compactifying a D-dimensional Minkowski spacetime since the Coleman-Mandula theo-
rem is valid for spacetime symmetry groups P(1, D − 1) with D ≥ 4 [295].
Studying the Coleman-Mandula theorem, we learned that the non-compact semi-simple
part of the Lorentz group is the reason why global spacetime and particle symmetries
cannot mix. We will therefore choose the spacetime symmetry such that the semi-simple
part of Gd is compact. As a concrete example, we construct a toy model where particles
with different hidden spin are combined inside the same multiplet. Moreover, in the toy
model, we can also understand the appearance of the three Standard Model generations
due to the transformation properties of the Standard Model fermions in the hidden space.
We assume that spacetime is given by
M4 × R3 . (5.33)
In order to have a mixed global symmetry, we have to enlarge the spacetime symmetry.
Normally, we would expect that the symmetry describing Σ3 = R3 is given by R3 o
SU(2). However, we will assume that the spacetime symmetry is given by
P(1, 3)⊗ (R3 o SU(3)) . (5.34)
We now consider a fermionic field Ψ which transforms as a spin 1
2
-representation of
P(1, 3) and as a fundamental representation of SU(3). Note that in such a spacetime
construction, all possible combinations of irreducible representations of P(1, 3) and Gd
are allowed in principle.
The fermionic field can then be expanded as
ΨF f(xµ, yi) = ψF(xµ)ψf(yi) with i ∈ (1, 2, 3) , (5.35)
with the 4-dimensional spinor index F ∈ (0, 1, 2, 3) and the new additional index f ∈
(1, 2, 3). Because ΨF f is in the fundamental representation 3 of the global “non-relativistic”
spacetime symmetry SU(3), it transforms under spacetime rotations as
ΨF f(xµ, yi)→ (e−iαNλN )fgΨF g(xµ, yi) , (5.36)
with N ∈ (1, . . . , 8), αN eight finite group parameters and λN the Gell-Mann matrices.
The action of Ψ then is
S =
∫
d4x d3y
(
Ψ¯F f
(
i (γµ)FG ∂µ −
δFG
2M
∂i∂
i
)
ΨGf −m Ψ¯F fΨF f
)
= N
∫
d4x
(
ψ¯F (x
µ)
(
i (γµ)FG ∂µ −mδFG
)
ψG(xµ)
)
+
∫
d4x ψ¯F (x
µ)ψF(xµ)
∫
d3y ψ†f (y
i)
(
− 1
2M
∂i∂
i
)
ψf(yi) , , (5.37)
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where Ψ¯F f (xµ, yi) = ψ¯F (xµ)ψ
†
f (y
i) and the normalization constant N was defined as
N =
(∫
d3y ψ†f (y
i)ψf(yi)
)
. (5.38)
Note that the non-relativistic spacetime symmetry SU(3) is responsible for the “non-
relativistic kinetic term” (1/2M)∂i∂i for the “static” fields ψf(yi). We refer to ψf(yi)
as static fields because no time coordinate was introduced in the hidden space to avoid
causality conflicts. The different static field configurations in the hidden space will be
responsible for the varying Standard Model fermion masses.
As one dimension of the spacetime Σ3 = R3 is compactified to a circle
M4 × R3 →M4 × R2 × S1 , (5.39)
the mixing of internal and external symmetries inside the global SU(3) symmetry will
become evident. The spacetime symmetry is explicitly broken by compactification to
P(1, 3)⊗ (R2 o U(1)S ⊗ U(1)I) , (5.40)
with an additional remnant discrete shift symmetry on S1 induced from the former trans-
lational invariance. Upon the spacetime symmetry breaking, the former global SU(3)
symmetry decomposed into a global spacetime rotation U(1)S in the remaining two di-
mensional hidden plane and an internal U(1)I symmetry
SU(3)→ U(1)S ⊗ U(1)I . (5.41)
Thus, the fundamental representation of the global SU(3) symmetry breaks down accord-
ing to
3→ ((sh = 1/2), 1) + ((sh = −1/2), 1) + ((sh = 0),−2) .
The explicit spacetime symmetry breaking shows that states with different hidden spins
were mixed in the fundamental SU(3) multiplet and we hence demonstrated how internal
and external symmetries mix in a non-relativistic hidden spacetime.
Due to the compactification of one extra dimension onto a circle, the static field ψf(yi)
can now be expanded as
ψf (yj, y3) =
1√
2piR
∑
l
ψ(l)
f
(yj) ei
l
R
y3 , (5.42)
with j ∈ (1, 2) where we fixed the coordinates such that the direction y3 was compactified
and R the compactification radius of S1. After the compactification R3 → R2 × S1, the
individual components of the static field ψ(l)f(yj) no longer transform according to (5.36).
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Now, the transformation properties with respect to U(1)S are given by
ψ(l)
1
(yj)→ e−iα32 ψ(l)1(yj) ,
ψ(l)
2
(yj)→ eiα32 ψ(l)2(yj) ,
ψ(l)
3
(yj)→ ψ(l)3(yj) , (5.43)
and with respect to U(1)I by
ψ(l)
1
(yj)→ e−i
α8
2
√
3ψ(l)
1
(yj) ,
ψ(l)
2
(yj)→ e−i
α8
2
√
3ψ(l)
2
(yj) ,
ψ(l)
3
(yj)→ ei
α8√
3ψ(l)
3
(yj) . (5.44)
The transformation properties also reflect the mixing of internal and external symmetries.
The fields ψ(l)1(yj) and ψ(l)2(yj) have hidden spin sh = ±1/2, whereas for ψ(l)3(yj) we
find sh = 0. The global abelian U(1)I symmetry is purely internal and shifts the fields
ψ(l)
f
(yj) by a phase.
With the static field expansion given in equation (5.42), we can simplify the second
term of the action (5.37) to
S ⊃
∫
d4x ψ¯F (x
µ)ψF(xµ)
∫
d2y
∑
l
ψ
(l)
f
†
(yj)
(
− 1
2M
∂j∂
j − l
2
2MR2
)
ψ(l)
f
(yj) .
(5.45)
By then defining the mass contribution of the static field ψf(yj) in the hidden space as
M1 =
∫
d2y
∑
l
ψ
(l)
1
†
(yj)
(
− 1
2M
∂j∂
j − l
2
2MR2
)
ψ(l)
1
(yj) ,
M2 =
∫
d2y
∑
l
ψ
(l)
2
†
(yj)
(
− 1
2M
∂j∂
j − l
2
2MR2
)
ψ(l)
2
(yj) ,
M3 =
∫
d2y
∑
l
ψ
(l)
3
†
(yj)
(
− 1
2M
∂j∂
j − l
2
2MR2
)
ψ(l)
3
(yj) , (5.46)
we can express the three generation Standard Model fermion masses m1, m2, and m3 as
m1 = m−M1 ,
m2 = m−M2 ,
m3 = m−M3 . (5.47)
The three different mass contributions of the static field M1,2,3 thus shift the bare fermion
mass m to the measured Standard Model fermion masses.
The appearance of three Standard Model fermion generations is therefore linked to
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the transformation property of the fermionic field ΨF f as fundamental representation
of SU(3) in the hidden space. The new additional index f is thus the Standard Model
generation index. Moreover, the difference in the Standard Model fermion masses is due
to the different static field configurations of ψ(l)1(yj), ψ(l)2(yj), and ψ(l)3(yj) in the hidden
space.
This example is not in conflict with the Coleman-Mandula theorem. Instead, it shows
that the Coleman-Mandula theorem is not applicable to all spacetime configurations. The
outcome can differ significantly if we do not consider flat Minkowski spacetime. In our
toy model, we are exploiting a direct product structure of spacetime to evade the Coleman-
Mandula theorem. The additional spacetime symmetries Gd of the S-matrix can mix with
global internal symmetries, ifGd contains a compact subgroup. The total symmetry group
of the S-matrix then factors as
G→ P(1, 3)⊗ “mixed Gd and internal symmetries” . (5.48)
We therefore succeeded in mixing internal and external symmetries in a new class of
spacetime models. It is important to stress again that an additional structure is necessary
to locally distinguishM4 and Σd. Only with such additional structure can fundamental
fields transform differently with respect toM4 and Σd. Furthermore, phenomenologically
viable models are more complex as the presented toy model because interactions have to
be included.
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5.4 Summary
To summarize, we started by studying the assumptions entering the Coleman-Mandula
theorem. After developing a physical intuition for the theorem, we outlined the impor-
tant steps of the mathematical proof of the Coleman-Mandula theorem. Taking the non-
observation of new physics at the electroweak scale apart from the Higgs boson as a mo-
tivation, we explored new possibilities to circumvent the no-go theorem and mix global
particle and spacetime symmetries.
Finally, we turned to effective spacetime structures. We first examined how in a product
spacetime external symmetries induce internal symmetries in the effective 4-dimensional
theory. However, the key result of this chapter is the mixing of particle and spacetime
symmetries in a novel class of spacetime models. Thereby, flat 4-dimensional Minkowski
spacetime M4 is extended by a hidden d-dimensional space Σd which is described by
a symmetry group with a compact subgroup. A local structure such as a condensate al-
lows fundamental particles to distinguish M4 and Σd such that they can be in different
representations regarding the spacetime symmetry groups of M4 and Σd. The differ-
ent transformation properties then allow a mixing of the spacetime symmetry of Σd and
global particle symmetries. As a theory of everything should not differentiate between
internal and external degrees of freedom, such spacetime models could be an alternative
to supersymmetric theories.
To demonstrate the application of such a mixing of internal and external symmetries,
we constructed a toy model which can relate the appearance of three Standard Model gen-
erations to the transformation properties of the Standard Model fermions in two additional
space-like dimensions. The mass hierarchies of the Standard Model generations are then
due to different field configurations in the non-relativistic extra dimensions.
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CONCLUSIONS AND OUTLOOK
IN THIS THESIS, we introduced new avenues of theoretical particle physics beyond theestablished Standard Model. The lack of new physics at the LHC and other experi-
ments stimulated us to turn our attention towards new physics which is decoupled from
the electroweak scale. However, even if we were not arguing in favor of the standard lore
of low scale supersymmetry and WIMPs, we did not lose track of the current experimental
boundaries and constructed valid realistic symmetry-motivated models which are testable
at current and future experiments.
In chapter 2, we pursued two bottom-up extensions of the Standard Model. As we are
decoupling the new physics from the electroweak scale, we are in need of a new guiding
principle. We therefore choose minimality as our guide. At first, we discussed left-right
symmetric theories. The scale of left-right symmetry breaking is neither predicted nor
bounded from above. We emphasized the fact that left-right symmetric theories with
the minimal Higgs sector predict Dirac neutrinos. However, right-handed neutrinos al-
low for the theoretically attractive possibility of being Majorana fermions. The fermion
mass hierarchy is still one of the open puzzles of the Standard Model. Nonetheless, the
smallness of the neutrino masses is especially enigmatic. Majorana neutrinos enable the
feasibility of a seesaw mechanism which has the potential to explain the smallness of
the neutrino masses. We therefore developed the left-right symmetric theory with Majo-
rana neutrinos and the minimal number of propagating degrees of freedom. The Majo-
rana masses are generated at the one-loop level by a new singly charged scalar field δ±.
The theory predicts light right-handed neutrinos (MRν ∼ 0.4 − 0.8 GeV). This makes
the theory testable, as the decay W+R → e¯νR is generically allowed. In addition, lep-
ton flavor violation becomes accessible at the LHC where we can search for the process
pp→ δ+δ− → e+i e−j EmissT .
We then turned form left-right symmetric theories to U(1) gauge extensions of the
Standard Model. Thereby, we considered not just an arbitrary extension, but the well
motivated Standard Model extension of local baryon number. Baryon number is an acci-
dental global symmetry of the Standard Model. All tree-level processes respect baryon
number. However, general considerations on quantum gravity suggest that nature should
not allow for unbroken continuous global symmetries. Additionally, theories of gauged
baryon number suppress proton decay and thus stabilize the proton. We discussed the
Standard Model extension of gauged baryon number with the minimal number of new
multiplets to have a consistent quantum theory. The theory automatically predicts a sta-
ble dark matter candidate: a Standard Model gauge singlet Majorana fermion. Due to
the Majorana nature, the dark matter candidate has to be relatively heavy (mχ & 500
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GeV) in general to saturate the observed relic abundance. Nevertheless, the theory allows
for a rich phenomenology and interesting complementarity of different experimental ap-
proaches. For example, direct detection experiments constrain the scalar mixing angle
an order of magnitude stronger than current LHC measurements (|θ| ≤ 0.05). As for
left-right symmetric theories, the scale of baryon number violation is not related to the
electroweak scale. Nonetheless, the theory predicts a leptophobic gauge boson ZB which
we can discover at the LHC in dijet searches. Even if the inherent dark matter candidate
is in general too heavy to be directly produced at the LHC, we can still reveal the quan-
tum numbers of the leptobaryons by studying the loop-mediated baryonic Higgs decays
to electroweak gauge bosons.
Switching gears, we moved from minimal bottom-up extensions of the Standard Model
to top-down approaches. We discussed a consistent UV complete theory where the ideas
of left-right symmetry and local baryon number could be embedded in chapter 3. The
unification of the fundamental forces of nature into the simplest possible gauge structure
is an appealing idea, as it paves the road towards a theory of everything. However, unified
theories generically predict proton decay and therefore have to be exiled to high energy
scales. These ideas are thus nearly untestable with earthbound experiments. By promoting
baryon number to a gauge symmetry, we were able to stabilize the proton in section 2.2.
We hence faced the question: Can we embed gauged baryon number in a non-abelian
gauge theory and keep the proton stable? The answer was yes. We thereby discovered
the first consistent UV completion of the Standard Model in four dimensions which can
be realized at low energy scales (103−4 GeV). The non-abelian gauge theory we proposed
is based on the local symmetry group SU(4)C ⊗ SU(3)L ⊗ SU(3)R. By suggesting such
an UV completion of the Standard Model, we also took an unconventional point of view
regarding the hierarchy problem. Due to the stability of the proton, the scale of quantum
gravity can now be as low as 107 GeV. Furthermore, the theory introduces four additional
scales between the electroweak scale and the scale of quantum gravity. This does not
only lead to a rich phenomenology but could also allow for a mechanism to resolve the
reduced hierarchy problem. Future studies are needed here. The 433 theory does not
only account for local baryon number as fourth color, but it is also an UV completion
of left-right symmetric theories with radiative Majorana neutrino masses. Although the
theory is again not bound to the electroweak scale, it makes testable predictions. As
argued in section 3.1.4, the 433 theory predicts a low reheating temperature to avoid the
production of stable fractional charged fermions and/or stable colored bosons in the early
Universe. The prediction of a low reheating temperature also allows falsifiability of the
theory. Moreover, the predicted stable exotic particles make striking signals at particle
colliders which we can search for.
A slight drawback of the 433 theory is the fact that it is an UV completion of the
Standard Model but it does still distinguish the different gauge interactions. We there-
fore introduced an even more appealing gauge theory based on the symmetry group
SU(4)C⊗SU(4)L⊗SU(4)R. However, realistic experimentally valid fermion masses are
problematic in this theory as they require large Yukawa couplings. Future investigations
are necessary to decide if a different mass mechanism allows for a consistent theory.
A shortcoming of our proceeding from the bottom-up approaches in chapter 2 to a
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more restrictive top-down model in chapter 3 is the loss of the inherent stable dark mat-
ter candidate of the minimal Standard Model extension with gauged baryon number. We
therefore shifted our focus towards a different dark matter candidate in chapter 4: axion-
like particles. Axion-like particles are pseudo Nambu-Goldstone bosons of anomalous
global symmetries and are also not linked to the electroweak scale. As the global sym-
metries responsible for the axion-like particles are anomalous, they are explicitly broken.
Thus, in contrast to our discussion on baryon number, they do not have to be gauged to
be consistent with the folk theorems of quantum gravity. Axion-like particles exhibit an
especially interesting dark matter phenomenology. They can form BECs of galactic size
which is a possible solution to the dark matter small scale crisis. Note that BEC dark
matter is not restricted to axion-like particles, but is a possibility for stable weakly inter-
acting light bosonic particles in general. Although, BEC dark matter is a promising dark
matter scenario, it is difficult to distinguish from ordinary cold dark matter. We therefore
proposed a new method to probe BEC dark matter with repulsive self-interactions via
gravitational waves. Our method exploits the refractive index of the gravitational wave in
the BEC dark matter halo. A sizable refractive index is unique to BEC dark matter. The
gravitational wave is slowed down inside the dark matter halo such that we can measure
a time delay of the gravitational wave with respect to a photon or neutrino in a multi-
messenger signal. Because of the predictability of BEC dark matter, we can then relate
the measured differences in propagation speed to constraints on the microscopic parame-
ters. Future multi-messenger searches at LIGO (δcg . 10−37) and eLISA (δcg . 10−24)
have the potential of discovering BEC dark matter with repulsive self-interactions or rule
it out conclusively.
We argued in favor of resolving the hierarchy problem by lowering the Planck scale and
by introducing multiple new scales, and also argued in favor of considering axion-like par-
ticles as dark matter candidates. However, before we completely abandon supersymme-
try, we have to appreciate that supersymmetry does not only have the potential to stabilize
the electroweak scale and to provide a dark matter candidate, but supersymmetry is also
theoretically well motivated. The Coleman-Mandula theorem proofs under the general
assumptions of an interacting relativistic quantum field theory that the global symmetry
group of the S-matrix has to factor into spacetime and particle symmetries. Supersymme-
try is by far the most studied framework to circumvent the Coleman-Mandula theorem and
to allow for a mixing of internal and external symmetries as we would expect to happen
in a theory of everything. In chapter 5, we therefore took a closer look at the Coleman-
Mandula theorem and pointed out different frameworks apart from supersymmetry which
evade the no-go theorem. Finally, we introduced a radically new concept of effective
spacetime and demonstrated the mixing of global spacetime and particle symmetries. We
assumed that spacetime is given by a direct product of 4-dimensional Minkowski space-
timeM4 and a d-dimensional hidden space Σd. We then proposed to identify fundamen-
tal particles as irreducible representations of the product spacetime where we additionally
have to assume that a mechanism distinguishes the Minkowski spacetime M4 and the
hidden space Σd locally. The structure of the product spacetime then permits a mixing
of internal and external symmetries if the spacetime symmetry group of the hidden space
Σd has a compact subgroup. We explicitly discussed a toy model which motivates the ex-
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istence of three Standard Model generations and relates the measured fermion masses to
field properties in the hidden space Σd. However, this can only be regarded as a first step.
Future investigations including particle interactions and the emergence of the effective
product spacetime have to reveal the full potential of our proposed spacetime concept.
We do not know where the thrilling pursuit of nature’s fundamental concepts takes us
next. However, we do hope that the ideas presented in this thesis help to understand our
fascinating world a little bit better.
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APPENDIX
7.1 Gauge Boson Decays Minimal Left-Right
Symmetric Theory
7.1.1 Charged Decays
The partial widths of W+R are given by
Γ(W+R → f¯f) =
g2R
6pi
MWR ,
where f¯f ∈ {qdqu, e¯νL, e¯νR} and we neglected the final state masses.
7.1.2 Neutral Decays
The partial decay widths of Z ′ in the limit where the final state fermion masses are
neglected are given by
Γ(Z
′ → ququ) = cos
2(θR)
48pi
(
g2R
2
+
g4BL
9g2R
− g
2
BL
3
)
MZ′ ,
Γ(Z
′ → qdqd) = cos
2(θR)
48pi
(
g2R
2
+
g4BL
9g2R
+
g2BL
3
)
MZ′ ,
Γ(Z
′ → νLνL) = cos
2(θR)
48pi
(
gR
2
− g
2
BL
gR
)2
MZ′ ,
Γ(Z
′ → νRνR) = cos
2(θR)
48pi
(
gR
2
− g
2
BL
gR
)2
MZ′ ,
Γ(Z
′ → e¯e) = cos
2(θR)
48pi
(
g2R
2
+
g4BL
g2R
− g2BL
)
MZ′ ,
Γ(Z
′ → δ+δ−) = g
2
BLsin
2(θR)
48piM2
Z′
(
M2
Z′ − 4M2δ
) 3
2 .
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7.2 Scalar Potential Minimal Left-Right Symmetric
Theory
The full scalar potential of the minimal left-right symmetric theory with Majorana neu-
trinos is given by
V = − µ2H(H†LHL +H†RHR) + λH((H†LHL)2 + (H†RHR)2)
+ λLR(H
†
LHL)(H
†
RHR)− (µ2Φ)ijTr(Φ†iΦj) + λ(1)ijklTr(Φ†iΦj)Tr(Φ†kΦl)
+ λ
(2)
ijklTr(Φ
†
iΦjΦ
†
kΦl) + aij(H
†
LHL +H
†
RHR)Tr(Φ
†
iΦj) + bij(H
†
LΦiΦ
†
jHL
+H†RΦ
†
iΦjHR) + ci(H
†
LΦiHR +H
†
RΦ
†
iHL)− µ2δδ−δ+ + λδ(δ−δ+)2
+ d(H†LHL +H
†
RHR)δ
−δ+ + eijTr(Φ
†
iΦj)δ
−δ+ + λi(HTL iσ2ΦiHRδ
−
−H∗LiσT2 Φ†iH†Rδ+) , (7.1)
where we defined Φ1 ≡ Φ and Φ2 ≡ Φ˜. We require the scalar potential to respect the
discrete left-right parity symmetry
HL ↔ HR and Φi ↔ Φ†i , (7.2)
such that we find for the scalar couplings
(µ2Φ)ij = (µ
2
Φ)ji , λ
(1)
ijkk = λ
(1)
jikk , λ
(1)
ijkl = λ
(1)
klij = λ
(1)
jilk ,
λ
(2)
ijkl = λ
(2)
jkli = λ
(2)
klij = λ
(2)
lijk , aij = aji , bij = bji , eij = eji . (7.3)
7.3 Scalar Bi-Doublet Vacuum Expectation Value
Separation
In order to have a low scale seesaw mechanism in the minimal left-right symmetric
theory with Majorana neutrinos, we have to require small Dirac neutrino masses. As
discussed in section 2.1, we find small Dirac neutrino masses for v1  v2 where v2 → 0.
In this appendix, we demonstrate how such a separation of the vacuum expectation values
in the scalar Higgs bi-doublet can be accommodated.
We have to investigate if tadpoles in the scalar potential can violate the condition v1 
v2 with v2 → 0. The scalar potential which we therefore consider is given by
V ⊃− (µ2Φ)ijTr(Φ†iΦj) + bij(H†LΦiΦ†jHL +H†RΦ†iΦjHR)
+ ci(H
†
LΦiHR +H
†
RΦ
†
iHL) . (7.4)
We further assume for simplicity (µ2Φ)11 = (µ
2
Φ)22 = (µ
2
Φ)12 =: µ
2
Φ and b12 = 0. We can
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then derive from the minimum conditions
v1 = − vLvR (2c1µ
2
Φ + c2 (−2µ2Φ + b11(v2L + v2R)))
(v2L + v
2
R) (−2b22µ2Φ + b11(−2µ2Φ + b22(v2L + v2R)))
,
v2 = − vLvR (2c2µ
2
Φ + c1 (−2µ2Φ + b22(v2L + v2R)))
(v2L + v
2
R) (−2b22µ2Φ + b11(−2µ2Φ + b22(v2L + v2R)))
. (7.5)
In the limit where µΦ → 0, the vacuum expectation values are given by
v1 ' − c2vLvR
b22(v2L + v
2
R)
,
v2 ' − c1vLvR
b11(v2L + v
2
R)
. (7.6)
Hence if the scalar couplings satisfy∣∣∣∣ c2b22
∣∣∣∣ ∣∣∣∣ c1b11
∣∣∣∣ , (7.7)
we find v1  v2. Moreover, for c1 → 0 also v2 → 0. This proof of principles therefore
demonstrates that the scalar potential can account for a separation of scales in a scalar
bi-doublet representation in left-right symmetric theories.
7.4 Feynman Rules Minimal Left-Right Symmetric
Theory
The Feynman rules in the minimal left-right symmetric theory with Majorana neutrinos
are given by
• q¯qγ : −ieQqγµ,
• q¯qZ : −i(V qZ − AqZγ5)γµ,
• q¯qZ ′ : −i(V q
Z′ − A
q
Z′γ
5)γµ,
• e¯eZ ′ : −i(V e
Z′ − AeZ′γ5)γµ,
• ν¯νZ ′ : iAν
Z′γ
5γµ,
• νcνcZ ′ : iAνc
Z′γ
5γµ,
• δ+δ−γ : −ie(p3 − p4)µ,
• δ+δ−Z : −iaZ(p3 − p4)µ,
• δ+δ−Z ′ : −iaZ′ (p3 − p4)µ.
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The couplings are defined by
V qZ =
1
2
cos(θW )
(
gLT
3
L/R −
g2BL
gL
cos2(θR)
(
1
3
+ T 3L/R
))
,
AqZ = −
T 3L/R
2
cos(θW )
(
g2R
gL
sin2(θR) + gL
)
,
V q
Z′ =
1
2
cos(θR)
(
gRT
3
L/R −
1
3
g2BL
gR
)
,
Aq
Z′ =
gR
2
T 3L/R cos(θR) ,
V e
Z′ =
1
2
cos(θR)
(
g2BL
gR
− gR
2
)
,
Ae
Z′ = −
gR
4
cos(θR) ,
Aν
Z′ = A
νc
Z′ =
1
2
cos(θR)
(
gR
2
− g
2
BL
gR
)
,
aZ = −gBL sin(θW ) cos(θR) ,
aZ′ = −gBL sin(θR) ,
with the fundamental electron charge given by
e = gL sin(θW ) =
gLgRgBL√
g2Lg
2
R + g
2
BL(g
2
L + g
2
R)
,
and T 3L/R the SU(2)L/R isospin of the quarks.
7.5 Leptophobic Gauge Boson ZB Decays
The decays of the gauge boson ZB are determined by the baryon number of the quarks
and leptobaryons. The partial decay widths are
Γ(ZB → χχ) =
αBB
2
χ
6
MZB
(
1− 4 m
2
χ
M2ZB
) 3
2
,
Γ(ZB → q¯q) = αB
9
MZB
(
1 + 2
m2q
M2ZB
)√
1− 4 m
2
q
M2ZB
. (7.8)
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7.6 Baryonic Higgs HB Decays
The possible tree-level partial decay widths of the baryonic Higgs HB are given by
Γ(HB → χχ) =
αBB
2
HB
cos2(θ)
4
m2χ
M2ZB
MHB
(
1− 4 m
2
χ
M2HB
) 3
2
,
Γ(HB → ZBZB) =
αBB
2
HB
cos2(θ)
8
M3HB
M2ZB
(
1− 4M
2
ZB
M2HB
+ 12
M4ZB
M4HB
)√
1− 4M
2
ZB
M2HB
,
Γ(HB → WW ) = GF sin
2(θ)
8
√
2pi
M3HB
(
1− 4M
2
W
M2HB
+ 12
M4W
M4HB
)√
1− 4M
2
W
M2HB
,
Γ(HB → ZZ) = GF sin
2(θ)
16
√
2pi
M3HB
(
1− 4 M
2
Z
M2HB
+ 12
M4Z
M4HB
)√
1− 4 M
2
Z
M2HB
,
Γ(HB → q¯q) =
3m2qsin
2(θ)GF
4pi
√
2
MHB
(
1− 4 m
2
q
M2HB
) 3
2
,
Γ(HB → HH) =
c2HHHB
8piMHB
√
1− 4 M
2
H
M2HB
, (7.9)
with
cHHHB =
sin(2θ)(2M2H +M
2
HB
)
4
(
cos(θ)
vH
+
sin(θ)
vB
)
. (7.10)
For small mixing angles the loop mediated decays to electroweak gauge bosons become
relevant. From the effective Lagrangian (2.101), we can derive the one-loop contributions
of HB → WW,ZZ,Zγ, γγ for θ → 0 when the above tree-level decays vanish
Γ(HB → WW ) =
αBM
3
HB
32pi4M2ZB
9g4L
4
,
Γ(HB → ZZ) =
αBM
3
HB
32pi4M2ZB
g4L
8cos4(θw)
(
3− 6 sin2(θw) + 4 sin4(θw)
)2
,
Γ(HB → Zγ) =
αBM
3
HB
32pi4M2ZB
e2g2L
4
(3− 4 sin(θw))2 ,
Γ(HB → γγ) =
αBM
3
HB
32pi4M2ZB
2e4 .
7.7 Fermion Masses 433 Theory
We continue to assume the vacuum expectation value hierarchy v33  vR  v1,2.
However, in contrast to section 3.1.2, we take mass corrections of order O(vR/v33) into
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account. We assume that left-right symmetry is already broken and thus Φ3 already ac-
quired the vacuum expectation values v33 and vR. The fermionic mass eigenstates involv-
ing Standard Model fermions are then given by
D′c = cαDc + sαdc , d′c = cαdc − sαDc ,
E ′− = cαE− − sαe− , e′− = cαe− + sαE− ,
N ′1 = cαN1 − sαν , ν ′ = cαν + sαN1 ,
where the mixing angle α is defined by
tanα =
vR
v33
. (7.11)
We used the abbreviations sα ≡ sin(α) and cα ≡ cos(α). Thus, the Lagrangian containing
Standard Model fermions and scalar fields which did not yet acquire a vacuum expectation
value can be rewritten as
−L ⊃mD′DD′c +mL′(N ′1N2 − E+E ′−) + y1d(cαd′c + sαD′c)(ϕ01)1
+ y2uu
c(ϕ02)2 + h1N2N3(ϕ
0
1)1 − h1e+(cαe′− − sαE ′−)(ϕ01)1
+ h2(cαN
′
1 + sαν
′)N3(ϕ02)2 − h2(cαν ′ − sαN ′1)νc(ϕ02)2 , (7.12)
with
mD′ = y3v33
√
1 +
v2R
v233
, mL′ = h3v33
√
1 +
v2R
v233
. (7.13)
If now (φ01)1 and (φ
0
2)2 acquire electroweak vacuum expectation values, we find for the
Standard Model fermion masses
md = y1v1cα , mu = y2v2 , me = h1v1cα , mν = h2v2cα . (7.14)
The mass of the Standard Model singlet N3 can be approximated at tree-level by
mN3 '
(h1v1)(h2v2cα)
mL′
, (7.15)
and thus is despite the inclusion of fermion mass mixing still the lightest particle in the
theory. However, due to loop-corrections the mass of N3 increases and scales with v33.
The masses of the heavy fields D, D′c, E+, E ′−, N ′1 and N2 will get corrections of order
O(v1,2/v33) which we neglected. In the limit of v33, vR →∞, we arrive at the established
Standard Model of particle physics.
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7.7.1 Radiative Neutrino Masses including Mixing
We simplified the discussion of the radiative neutrino masses by considering the toy
model
L ⊃ −M2ΦΦΦ∗ − λΦΦΦ−
h
2
LLΦ + h.c. . (7.16)
Taking the above fermion mass mixing into account, the relevant interactions take the
form
−L ⊃h
[ [
(cαν
′ − sαN ′1)
(
cαE
′− + sαe′−
)− (cαN ′1 + sαν ′) (cαe′− − sαE ′−)]H+
+
[(
cαe
′− − sαE ′−
)
νc − (cαE ′− + sαe′−)N3]ϕ+ − E+N3ϕ−
+
[
νcE+ − (cαN ′1 + sαν ′) e+
]
H−
]
+ 3λ
[
−H−H+ϕ01 +H+ϕ−H0L +H−ϕ+H0R − ϕ+ϕ−φ0
]
+ h.c. . (7.17)
7.7.2 Fermion Mass Matrices 433 Theory
The full quark mass terms at tree-level are given by
−L ⊃ (y2v2)ucu+
(
dc Dc
)(y1v1 y3vR
0 y3v33
)(
d
D
)
.
The full charged lepton mass term at tree-level is given by
−L ⊃ (e+ E+)(−h1v1 0
h3vR −h3v33
)(
e−
E−
)
.
The full neutral lepton mass term at tree-level is given by
−L ⊃ (ν νcN1N2N3)

0 −h2v2 0 −h3vR 0
−h2v2 0 0 0 0
0 0 0 h3v33 h2v2
−h3vR 0 h3v33 0 h1v1
0 0 h2v2 h1v1 0


ν
νc
N1
N2
N3
 .
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LIST OF ABBREVIATIONS
333 . . . . . . Trinification SU(3)C ⊗ SU(3)L ⊗ SU(3)R
433 . . . . . . Gauge theory based on SU(4)C ⊗ SU(3)L ⊗ SU(3)R
444 . . . . . . Gauge theory based on SU(4)C ⊗ SU(4)L ⊗ SU(4)R
AGILE . . . . . Astro-rivelatore Gamma a Immagini LEggero
AMON . . . . Astrophysical Multimessenger Observatory Network
ATLAS . . . . A Toroidal LHC Apparatus
B . . . . . . . . Baryon Number
BBN . . . . . . Big Bang Nucleosynthesis
BEC . . . . . . Bose-Einstein Condensate
BH . . . . . . . Black Hole
BR . . . . . . . Branching Ratio
CERN . . . . . Conseil Européen pour la Recherche Nucléaire
CKM . . . . . Cabibbo-Kobayashi-Maskawa
CMB . . . . . . Cosmic Microwave Background
CMS . . . . . . Compact Muon Solenoid
CP . . . . . . . Charge Parity
DFSZ . . . . . Dine-Fischler-Srednicki-Zhitnitsky
DM . . . . . . Dark Matter
DSph . . . . . Dwarf Spheroidal Galaxy
eLISA . . . . . Evolved Laser Interferometer Space Antenna
EM . . . . . . Electromagnetic
EW . . . . . . Electroweak
Fermi-GBM . . Fermi Gamma Burst Monitor
GUT . . . . . . Grand Unified Theory
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GW . . . . . . Gravitational Wave
H.E.S.S. . . . . High Energy Stereoscopic System
INTEGRAL . . International Gamma-Ray Astrophysics Laboratory
IPTA . . . . . . International Pulsar Timing Array
KSVZ . . . . . Kim-Shifman-Vainshtein-Zakharov
L . . . . . . . . Lepton Number
LHC . . . . . . Large Hadron Collider
LIGO . . . . . Laser Interferometer Gravitational-Wave Observatory
LO . . . . . . . Leading Order
LR . . . . . . . Left-Right
MSTW . . . . . Martin-Stirling-Thorne-Watt
NS . . . . . . . Neutron Star
PMNS . . . . . Pontecorvo-Maki-Nakagawa-Sakata
PQ . . . . . . . Peccei-Quinn
QCD . . . . . . Quantum Chromodynamics
SM . . . . . . . Standard Model of particle physics
UV . . . . . . . Ultraviolet (high energy)
VBF . . . . . . Vector Boson Fusion
WIMP . . . . . Weakly Interacting Massive Particle
WISP . . . . . Weakly Interacting Slim Particle
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